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High-pressure solution behavior such as density and phase behavior is a critical fundamental 
property for the design and optimization of various chemical processes, such as distillation and 
extraction in the production and purification of oils, polymers, and other natural materials. In this 
PhD study, solution behavior data are experimentally determined and equation of state (EoS) 
modeled for n-hexadecane, n-octadecane, n-eicosane, methylcyclohexane, ethylcyclohexane, cis-
1,2-dimethylcyclohexane, cis-1,4-dimethylcyclohexane, trans-1,4-dimethylcyclohexane, o-
xylene, m-xylene, p-xylene, and 2-methylnaphthalene at temperatures to 525 K and pressures to 
275 MPa. A variable-volume view cell coupled with a linear variable differential transformer is 
used for the high-pressure determination. The reported density data are less than 0.4% of 
available literature data, which is within the estimated accumulated experimental uncertainty, 
0.75%. Special attention is paid to the effect of architectural differences on the resultant high-
pressure solution behavior. 
 
 xv 
The reported data of low molecular weight hydrocarbons are modeled with Peng-Robinson (PR) 
equation of state (EoS), high-temperature high-pressure volume-translated cubic (HTHP VT-
cubic) EoS, and perturbed-chain statistical fluid theory (PC-SAFT) EoS. The three pure-
component parameters in PC-SAFT EoS can be either obtained from literature or from a group 
contribution (GC) method. Generally, PR EoS gives the worst predictions and HTHP VT-cubic 
EoS provides modest improvements over the PR EoS, but both of the equations underpredict the 
densities at high pressures. On the other hand, PC-SAFT EoS, with parameters from the 
literature or from a GC method, gives the improved density predictions with respect to PR EoS 
and HTHP VT-cubic EoS, although an overprediction of densities is found at high pressures. 
Model calculations also highlight the capability of these equations to account for the different 
densities observed for the hydrocarbon isomers. However, none of the EoS investigated in this 
study can fully account for the effect of isomeric structural differences on the high-pressure 
densities. For a better prediction of densities at high pressures, a new set of PC-SAFT pure-
component parameters are obtained from a fit of the experimental density data obtained in this 
study and the mean absolution percent deviation is within 0.4%. 
 
The experimental technique and PC-SAFT EoS modeling method are extended to a star polymer-
propane mixture. Star polymers with a fixed number of arms have a globular structure that does 
not promote chain entanglements. Star polymers can be synthesized with a large number of 
functional groups that can be readily modified to adjust their physical properties for specific 
applications in the areas of catalysis, coatings, lubrication, and drug delivery. In this study, a star 
polymer with a divinylbenzene core and statistically random methacrylate copolymer arms is 
synthesized with reversible addition-fragmentation-transfer method and fractionated with 
 xvi 
supercritical carbon dioxide and propane to obtain fractions with low molecular weight 
polydispersity. The phase behavior and density behavior are experimentally determined in 
supercritical propane for fractionated star polymers and the corresponding linear copolymer arms 
at temperatures to 423 K and pressures to 210 MPa.  Experimental data are presented on the 
impact of the molecular weight, the backbone composition of the lauryl and methylmethacrylate 
repeat units in the copolymer arms, and the DVB core on the polymer-propane solution behavior.  
The star polymer is significantly more soluble due to its unique structure compared with the 
solubility of the linear copolymer arms in propane. The resultant phase behavior for the two 
homopolymers and the copolymers in propane are modeled using the PC-SAFT and copolymer 
PC-SAFT EoS, which give reasonable predictions for both phase behavior and density behavior. 
Model calculations are not presented for the phase behavior of the star polymers in propane since 
the PC-SAFT approach is not applicable for star polymer structures.  
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Chapter 1 Introduction 
 
As fundamental thermodynamic properties, densities and phase behavior play an important role 
in the design and optimization of various chemical processes, such as distillation and extraction 
in the production and purification of oils, polymers, pharmaceuticals, and other natural materials. 
In many instances, hydrostatic pressure, rather than temperature, is applied to make the processes 
feasible and/or easier. Therefore, high-pressure densities and phase behavior are important 
fundamental data needed by industry for various practical processes. Further, high-pressure 
experimental density and phase equilibrium information provides databases for testing the 
predictive capabilities of different equations of state (EoS) and improving a specific EoS suitable 
for high-pressure, high-temperature applications. 
 
A major focus of this PhD study is the experimental determination of the fluid phase behavior 
and densities for n-alkanes, cyclic hydrocarbons, aromatic hydrocarbons, and polymer solutions 
at temperatures to 523 K and pressures to 275 MPa. Both types of experiments are performed 
using a variable-volume view cell.  Solution density is measured by coupling the view cell with a 
linear variable differential transformer (LVDT) that tracks the location of an internal piston in 
the cell. A second focus of this PhD study is the analysis of the performance of cubic EoS and 
perturbed-chain statistical associating fluid theory (PC-SAFT) EoS for modeling the solution 
behavior of small molecules and polymer-solvent solutions. Special attention is given to the 
predictive capabilities of these EoS to capture the effects of molecular structure on the phase 
behavior and density for a variety of hydrocarbon compounds and polymer solutions at elevated 
temperatures and pressures. 
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1.1. High-Pressure Behavior of Low Molecular Weight Compounds 
1.1.1. Role of High-Pressure Solution Behavior in Industrial Applications 
Knowledge of solution behavior, such as density and phase behavior data, is indispensible for the 
design and optimization of chemical processes involving oils, polymers, pharmaceuticals, and 
other natural materials. In some processes, solution behavior data at extreme pressures and/or 
temperatures are needed. For example, a recent report from the National Energy Technology 
Laboratory (NETL) of the Department of Energy (DOE) [1] relates the significance of high-
pressure density data of natural gas and crude oil mixtures in the exploration of ultradeep oil 
reservoirs in sedimentary basins approximately 6100 m or more underground. These ultradeep 
oil reservoirs can be at the pressure and temperature conditions of 35,000 psig (240 MPa) and 
250°C (523 K), respectively. Hence, density data play an important role in designing 
appropriated drilling and production equipment such as blow-out preventers, risers, and so forth. 
Further, solution behavior data are critical fundamental data for the determination of other 
properties. For example, density data are required for the determination of high-pressure 
viscosity [2-4], which is another critical property needed in many various chemical processes. In 
modeling studies, solution behavior data at extreme pressures provide a database for testing the 
performance of contemporary EoS [5-10] and for improving or establishing a specific EoS 
suitable for use at high temperatures and pressures [11-13]. These data become increasingly 
important considering that oil companies currently use EoS with parameters determined at low 
temperatures and pressures. So it is not surprising that the EoS exhibit poor predictive 
capabilities with as much as 50% deviation between actual values and predicted values at 
extreme operating conditions [1]. 
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1.1.2. Experimental Techniques for High-pressure Density Determination 
High-pressure fluid densities are mostly measured using one of three techniques, vibrating-body, 
bellows, and floating-piston method. Each technique is described in detail in this section. The 
working mechanisms along with the schematic diagram of typical instruments are given and 
some representative results for each technique are presented. Last, the strength and weakness for 
these techniques are presented. Several other less-used methods reported in literature are also 
briefly introduced for high-pressure density measurements. 
 
1.1.2.1. Vibrating-Body Instrument 
The vibrating-body instrument has been widely used for the high-pressure density determination 
due to its high accuracy [14-24]. This method employs a vibrating body to simultaneously 
measure the high-pressure density and viscosity of the fluid of interest. A description of the 
mechanism of this method, presented in detail elsewhere [25], involves a theoretical model with 
complicated physical equations on the mechanics of vibration and fluid mechanics. Briefly, a 
body surrounded by the fluid of interest is set into a vibratory motion, characterized by the 
resonant period and the width of the resonance curve. The vibration is affected by the 
hydrodynamic drag exerted on the body by the fluid of interest and can be correlated to the fluid 
density and viscosity with two equations. Given that the resonant period and width of the 
resonance curve can be directly measured, the fluid density and viscosity data at different 
temperatures and pressures can be obtained, in principle, by simultaneously solving two 
correlation equations. However, these equations are typically complicated and each of the 
equations includes both density and viscosity along with the two motional parameters, making it 
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difficult to solve the two equations. The vibrating-body instrument, the density data are also 
obtained elsewhere, for example, from other literature data or from the calculation with an EoS 
or a correlation equation such as the Tait equation. Hence, only viscosity is unknown and can be 
solved with the correlation equations on the resonant period and the width of the resonance curve 
[26,27]. From this point of view, the vibrating-body instrument is usually called vibrating-body 
viscometer. 
 
Krall et al. [28] used an oscillating-disk viscometer, one kind of vibrating-body instrument, in 
which a body is set into an oscillatory motion and then allowed to decay freely, to 
simultaneously measure the density and viscosity of toluene at temperatures to 150°C and the 
pressures to 30 MPa. An uncertainty of 0.3% was obtained for both density and viscosity at the 
temperatures below 125°C. When the temperature is increased, the uncertainty increased to 
1.5%. The loss of accuracy is probably due to a larger variation of the elastic properties of the 
torsion wire connected to the oscillating disk at higher temperatures. In a later paper [27], Krall 
et al. employed the same apparatus for the same system, pure toluene at the same temperatures 
and pressures. However, instead of simultaneously determining the density and viscosity, Krall 
et al. calculated the density with the modified Tait equation and only measured the viscosities at 
each temperature and pressure. Interestingly, an uncertainty of 0.5% was obtained over the entire 
temperature range up to 150°C, indicating that it may still lead to a larger error even though the 
two correlation equations with motional parameters can be successfully solved to obtain densities 
and viscosities simultaneously.  
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To circumvent the difficulties in solving correlation equations, Wakeham’s research group 
[14,15,22-24] designed a vibrating-wire instrument for the simultaneous determination of density 
and viscosity data. The working equations appear similar to other vibrating-body instruments. 
The vibrating-wire is connected to a sinker immersed in the fluid and detected by the buoyancy 
force exerted on the sinker, which is then related to wire's resonant period with a complete 
theoretical analysis. This approach results in an equation dealing with the buoyancy of the sinker, 
which only depends on density, in addition to the aforementioned correlation that depends on 
both density and viscosity. Therefore, the working equations can be solved to obtain the densities 
independently (or at least partly independently) and then the viscosities, leading to an increase in 
the precision of the density determination using the vibrating-body instrument. 
 
Figure 1 shows a schematic diagram of a typical vibrating-wire system [16]. A vibrating-wire is 
assembled in a high-pressure vessel with two permanent magnets mounted to generate magnetic 
field in the region of the wire. A suspended sinker is connected to one end of the wire and 
immersed into the fluid of interest in the vessel. The other end of the wire is placed outside the 
high-pressure vessel and connected to multiple electronic devices, which is used for signal 
generation, amplification, and processing, and for the determination of the amplitude and 
frequency of the wire vibration.  
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Figure 1.  Schematic diagram of a vibrating-wire equipment: A, vibrating wire; B, suspended 
sinker; C, permanent magnet; D, pressure vessel; E, function generator that provides 
the driving signal; F, lock-in amplifier [16]. 
 
With the continuous improvement of the apparatus, the vibrating-wire instrument can be used to 
determine density and viscosity data for compressed liquid systems at temperatures to 473 K and 
pressures to 200 MPa. For example, Caudwell et al. [14,15] determined density and viscosity 
data for a series of hydrocarbons including n-octane, n-decane, n-dodecane, n-octadecane, 1,3-
dimethylbenzene, 1,2,3,4-tetrahydronaphthalene, and 1-methylnaphthalene over the temperature 
range of 298 K to 473 K and pressure range of 0.1 MPa to 200 MPa. The estimated uncertainty 
was 0.2% in density over the entire temperature and pressure range. The percent deviations 
between the measured density data and the literature data were generally within ± 0.5%, although 
the percent deviations in the range of – 0.9% to 0.5% were obtained for n-octane at the 
temperatures exceeding 323 K. 
 
As mentioned before, one of the most important benefits for the vibrating-body instrument is its 
capability of simultaneously determining both density and viscosity data over a wide range of 
temperatures and pressures. Given that most viscosity measurement techniques require fluid 
density that has to be determined separately with a densimeter, the vibrating-body method 
eliminates errors of producing identical temperature and pressure conditions in separate 
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instruments [29]. The accuracy of this apparatus is also impressive considering an uncertainty 
within 0.2% can be obtained even at temperatures to 473 K and pressures to 200 MPa. Further, 
by simply modifying the wire radius and/or wire material, the instrument can be used for the 
determination for a variety of fluids with different viscosity range [25].  
 
Nevertheless, the torsion wire limits the use of the apparatus at extreme temperatures. To date, 
no density data have been reported with a vibrating-body instrument at temperatures above 473 
K, since the elastic properties of the wire begin to vary greatly at extreme temperatures during 
the measurement. In fact, an increase in the uncertainty in toluene densities at temperatures 
above 398 K observed by Krall et al. [28] and an increase in the percent deviation between the 
experimental density data and the literature data for n-octane at temperatures above 323 K was 
observed by Caudwell et al. [14]. Another disadvantage is that the fluid of interest in the high-
pressure vessel cannot be observed. This is usually not so crucial until the fluid of interest 
experiences a phase change, for example a liquid long-chain n-alkane may transform to a solid 
phase when increasing the pressure. 
 
1.1.2.2. Bellow Volumometer 
The bellow volumometer has a long history of use for high-pressure density measurement [30-
46] since Bridgman first employed this apparatus for density determination at pressures to 5000 
MPa [30-33], which ultimately contributed to his Nobel Prize in physics in 1946. The bellow 
volumometer operates by the principle that the length of the bellows changes with applied 
pressure. At a given pressure, the change of volume is obtained by measuring the change of 
length of the bellows by some instrument, such as a linear variable differential transformer 
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(LVDT) and, hence, the density of the fluid inside the bellows can be calculated knowing the 
mass of the fluid loaded into the bellow volumometer. 
 
Figure 2 gives an example of a bellow volumometer [37]. A given amount of sample is loaded 
into the bellows placed in a pressure vessel. The bellows stays within a stainless steel vessel and 
can travel longitudinally within the vessel when compressing the samples. The plug in the lower 
end of the bellows allows a stainless steel rod with a magnetic core at the end to travel through 
the high-pressure environment. The sample in the bellows is compressed by contracting the 
bellows with some hydraulic fluid. The contraction of the bellows moves the core at the end of 
the rod that travels through a LVDT in the lower section of the pressure vessel, which then 
generates the information related to the change in volume, ∆V. The initial volume V0 can be 
obtained from the sample mass, m, and the density at atmosphere pressure, and therefore the 
density at a given pressure, ρ, can be calculated with the equation 
 
( )0/m V Vρ = −Δ  (1) 
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Figure 2.  Schematic diagram of a bellow volumometer: a, closure plug; b, cap nut; c, thermostat 
bath; d, clamp ring; e, LVDT support; f, micrometer head; g, hydraulic oil inlet; h, o-
ring seal; i, volumometer cell; j, lower pressure vessel; k, air bath; l, support base; m, 
LVDT windings; n, core; o, main enclosure vessel; p, drain plug [37]. 
 
One of the most important advantages for the bellow volumometer is its capability of measuring 
densities at ultra-high pressures within a fair temperature range. Bridgman [30-33], the pioneer 
for the thermophysical properties determination at extreme conditions, reported the densities at 
the temperature to 175°C and pressures to 5000 MPa for a large number of compounds including 
n-alkanes, cyclic hydrocarbons, aromatic hydrocarbons, alcohols, halocarbons, and so forth. 
However, the uncertainties for the density measurements were not reported. Woolf's research 
group [37-46] determined density data for a number of organic compounds at temperatures to 
100°C and pressures to 500 MPa with a bellow system. This group reported an uncertainty in 
density to within 0.2% over the entire temperature and pressure range. However, there are 
several disadvantages for the bellow volumometer. First, the bellows may cause a permanent 
strain by repeatedly stretching. This drawback may be exacerbated for the density determination 
of light gases, which possess a large compressibility and therefore need a longer distance to be 
 10 
pressurized to a desired density. Second, the loss of some mechanical properties may occur for 
the bellows at high temperatures, leading to a decrease in accuracy of the density determination. 
In fact, most of the density determinations from the literature were performed at temperatures 
less than 100°C [34,37-46] except for some densities reported at 175°C by Bridgman [30-33], 
who as mentioned did not report the uncertainty in density. Third, since the fluid of interest is 
trapped in the bellows, any phase change that might happen during the pressurizing process 
cannot be observed. Further, care must be taken when operating the bellow apparatus since it is 
possible to break or damage the bellows if the differential pressure exceeds approximately 0.2 
MPa. 
 
1.1.2.3. Floating-Piston Densimeter 
Similar to the operation of the bellow volumometer, the floating-piston densimeter also uses 
volume displacement information to measure densities, either by fixing the temperature and 
continuously changing the volume and pressure [5-7,9,10,47-50], or by keeping the volume fixed 
and changing the pressure and temperature [51-54]. The isothermal method is more commonly 
used. The floating-piston densimeter has been used to determine densities at extreme 
temperatures if the o-rings are carefully chosen [54]. Unlike vibrating-body and bellow 
instruments, the floating-piston densimeter also allows for the observation of the fluid of interest. 
Hence, it is possible to simultaneously determine the density and phase behavior with the same 
apparatus [9,10,49].  
 
However, care must be taken when choosing the o-rings when assembling the instrument. The 
properties of the testing fluid and the operating temperatures must be taken into account when 
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choosing a specific type of o-ring. For example, fluorocarbon o-rings (e.g. viton® o-rings) are 
usually used for density measurements of hydrocarbons while ethylene propylene o-rings are 
more suitable for the determination of some polar organic compounds, such as acetone and 
dimethylether that might greatly swell or dissolve fluorocarbon o-rings. O-ring-fluid 
compatibility information can be found on webpages of most o-ring companies, which is used as 
a guide for choosing appropriate o-rings for different testing fluids. For the measurement at 
extreme temperatures, special o-rings are needed such as polytetrafluoroethylene (PTFE) and 
viton® extreme o-rings, which are designed for high-temperature use. Further, it is important to 
recognize that during the density determination for light gases, the fluid of interest may penetrate 
into the o-rings at elevated pressures, leading to some errors in the determined densities. 
Therefore, as described in this PhD study, a floating-piston densimeter will be used, however, 
care will be taken to condition the o-rings prior to performing measurements. Detailed 
descriptions of the apparatus will be given in subsequently chapters. 
 
1.1.2.4. Other Techniques 
There are a number of other methods for the determination of high-pressure densities as 
described briefly here. 
 
Glen and Johns [55] reported the use of a hydrostatic balance densimeter for the determination of 
toluene densities at the temperature to 100°C and pressures to 30 MPa. The main part of the 
densimeter includes a balance with high accuracy and a sinker immersed in the fluid of interest. 
The buoyancy forces of the fluid exerted on the sinker are determined by the balance and the 
density can be calculated as 
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ρ =
mS − mS
*
VS
 (2)  
 
where ms and ms* are the mass of the sink weighed in the vacuum and weighed in the testing 
fluid, respectively. Vs is the volume of the sinker, which is calibrated at 20°C and atmosphere 
pressure. The temperature and pressure dependence of the sinker volume is also taken into 
account with a correlation equation 
 
( ) ( )0 0 01 3 1S t tV V T T P Pε κ= + − − −⎡ ⎤ ⎡ ⎤⎣ ⎦ ⎣ ⎦  (3) 
 
where V0, T0, and P0 are volume, temperature, and pressure at a specified reference condition, 
respectively. εt and κt are the thermal expansion and isothermal compressibility, respectively, 
which are functions of temperature and can be obtained from the literature [55]. The estimated 
uncertainty in the toluene density and the percent deviation between the determined data and 
literature data are both within ± 0.01% over the studied temperature and pressure range. 
 
Glaser et al. [56] reported density data of n-hexadecane and methane-eicosane mixtures at 
temperatures to 90°C and pressure to 18 MPa with a Cailletet tube. Figure 3 shows the 
schematic diagram of a Cailletet apparatus [57], which uses mercury as a sealing and pressure-
transmitting fluid. Based on the same principles as the bellows and floating-piston apparatus, 
density is determined with the Cailletet tube by measuring the volume, V(P, T), at each 
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temperature and pressure. To obtain V(P, T), the height, h, is measured from the top of the tube 
to the mercury meniscus and the following calibration equation is used.  
 
 
V (P,T ) = ah+ b( ) 1+α T − 293.15( )⎡⎣ ⎤⎦• 1+1.07 ×10−11 P −101325( )⎡⎣ ⎤⎦  (4) 
 
where P and T are pressures in Pa and temperatures in K, and a and b are coefficients obtained 
from calibration experiments, which are independent of temperatures and pressures. α is the 
isobaric expansivity of glass. With the Cailletet tube it is possible to simultaneously determine 
high-pressure density and phase transition data in a single experiment. However, the operation of 
this system utilizes hazardous mercury and the glass tube limits the use of the apparatus at ultra-
high pressures [58]. 
 
 
Figure 3.  Schematic diagram of Cailletet apparatus [57]. 
 
In another approach, Tanaka et al. [59,60] used a high-pressure burette apparatus made of Pyrex 
glass for the determination of densities of hydrocarbon mixtures and ethanol-water mixtures at 
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temperatures to 75°C and pressures to 150 MPa. The bottom part of the burette was immersed in 
mercury. When subjected to a given pressure, the mercury was pushed into the apparatus through 
a tube. By measuring the volume of the mercury that went into the apparatus at a given pressure, 
the volume of the testing fluid can be calculated and thus the density can be obtained with a 
known mass of the fluid loaded into the apparatus. The uncertainty in density was estimated to 
be within 0.1%. Same with the Cailletet tube, the high-pressure burette apparatus also suffers 
from the issue of handling mercury and limitation of glass-made equipment for the use at ultra-
high pressures. 
 
1.1.2.5. Comments 
Vibrating-body, bellows, and floating piston techniques are the most commonly used techniques 
for density determination over a wide range of temperatures and pressures. Vibrating-body 
apparatus is known for its high accuracy, whereas the use is limited at high temperatures due to 
the variation of the elastic properties of the wire. The bellows system can be used to measure 
densities at extremely high pressures, but care must be taken to avoid the permanent strain of the 
bellows due to the stretching and to avoid breaking due to a high-pressure difference between the 
two sides of the bellows. The floating-piston system is valued for high-temperature density 
determinations and direct observation of the testing fluid inside the apparatus, although a careful 
choice of o-rings is needed with this apparatus. There are also a few other techniques for the 
high-pressure density measurements. However, the limited amount of data obtained with these 
techniques makes it hard to evaluate their accuracy for a wide temperature and pressure range as 
well as for different fluids of interest. In this PhD study, the floating-piston technique will be 
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used for solution behavior determination at extreme temperatures and pressures. The apparatus 
and experimental methods used in this study will be given in detail in Chapter 2. 
 
1.1.3. Literature Review of Available Data 
Table 1 through Table 3 lists the available high-pressure density data for some typical short-
chain, long-chain, cyclic, and aromatic hydrocarbons reported in the literature. These 
hydrocarbons will also be investigated in this PhD study over a wider temperature and pressure 
range. These tables also provide a list of the temperatures and pressures of the density data 
reported in this study that are not covered in the literature. It is clear that the density data 
obtained in this PhD study extend the current database to higher temperatures and/or higher 
pressures.   
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Table 1.  Comparison of the data obtained in this study to that available in the literature for n-
hexadecane, n-octadecane, and n-eicosane. 
Literature 
Literature 
Temperature 
Range (K) 
Literature 
Maximum 
Pressure 
(MPa) 
Literature 
Data Points 
Temperatures (K) and Pressures 
(MPa) for Density Data Obtained in 
This Study That Differ From 
Available Literature Data 
  n-Hexadecane  
Amorim, et al. [17] 318.15 to 413.15 62 54 
323.15 K: 62 < P < 110 
423.15 K: P < 265 
523.15 K: P < 255 
     
Banipal, et al. [18] 313.15 to 373.15 10 72 
323.15 K: 10 < P < 110 
423.15 K: P < 265 
523.15 K: P < 255 
     
Chang, et al. [61] 333.15 to 413.15 30 21 
323.15 K: P < 110 
423.15 K: P < 265 
523.15 K: P < 255 
     
Dymond, et al. [36] 298.15 to 373.15 451 27 
423.15 K: P < 265 
523.15 K: P < 255 
     
Glaser, et al. [56] 303.15 to 360.15 18 63 
323.15 K: 18 < P < 110 
423.15 K: P < 265 
523.15 K: P < 255 
     
Gouel [62] 314.75 to 392.15 40 75 
323.15 K: 40 < P < 110 
423.15 K: P < 265 
523.15 K: P < 255 
     
Matthews, et al. [63] 323.15 to 564.15 4 10 
323.15 K: 4 < P < 110 
423.15 K: 4 < P < 265 
523.15 K: 4 < P < 255 
     
Outcalt, et al. [20] 310.15 to 470.15 51 101 
323.15 K: 51 < P < 110 
423.15 K: 51 P < 265 
523.15 K: P < 255 
     
Snyder, et al. [35] 298.15 to 358.15 290 93 
423.15 K: 51 P < 265 
523.15 K: P < 255 
     
Tanaka, et al. [59] 298.15 to 348.15 151 16 
423.15 K: P < 265 
523.15 K: P < 255 
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Table 1. Continued. 
Literature 
Literature 
Temperature 
Range (K) 
Literature 
Maximum 
Pressure 
(MPa) 
Literature 
Data Points 
Temperatures (K) and Pressures 
(MPa) for Density Data Obtained in 
This Study That Differ From 
Available Literature Data 
    
  n-Octadecane  
Caudwell, et al. [15] 323.15 to 473.15 92 49 
423.15 K: 92 < P < 265 
523.15 K: P < 260 
     
Cutler, et al. [34] 333.15 to 408.15 551 53 
323.15 K: P < 70 
423.15 K: P < 260 
523.15 K: P < 260 
     
Dutour, et al. [64] 313.15 to 383.15 150 111 
323.15 K: P < 70 
423.15 K: P < 260 
523.15 K: P < 260 
     
  n-Eicosane  
Doolittle [65] 373.15 to 576.15 500 55 
323.15 K: P < 40 
 
     
Dutour, et al. [66] 373.15 to 393.15 150 113 
423.15 K: P < 260 
523.15 K: P < 260 
     
Rodden, et al. [67] 373.15 to 533.15 1.4 5 
323.15 K: P < 70 
423.15 K: 1.4 < P < 260 
523.15 K: 1.4 < P < 260 
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Table 2.  Comparison of the data obtained in this study to that available in the literature for 
methylcyclohexane (methylcC6), ethylcyclohexane (ethylcC6), cis-1,2-
dimethylcyclohexane (cis-1,2), cis-1,4-dimethylcyclohexane (cis-1,4), and trans-1,4-
dimethylcyclohexane (trans-1,4). 
Literature 
Literature 
Temperature 
Range (K) 
Literature 
Maximum 
Pressure 
(MPa) 
Literature 
Data Points 
Temperatures (K) and Pressures 
(MPa) for Density Data Obtained in 
This Study That Differ From 
Available Literature Data 
  Methylcyclohexane  
Baylaucq, et al. [68] 303 to 343 100 18 
293 K: P < 265 
323 K: 100 < P < 265 
423 K: P < 265 
523 K: P < 275 
     
Brazier, et al. [69] 303 450 10 
293 K: P < 265 
323 K: P < 265 
423 K: P < 265 
523 K: P < 275 
     
Bridgman [32,33] 298 to 348 4900 32 
293 K: P < 265 
423 K: P < 265 
523 K: P < 275 
     
Gouel [62] 293 to 392 40 90 
293 K: 40 < P < 265 
323 K: 40 < P < 265 
423 K: P < 265 
523 K: P < 275 
     
Jonas, et al. [70] 203 to 298 500 31 
323 K: P < 265 
423 K: P < 265 
523 K: P < 275 
     
Laesecke, et al. [71] 270 to 470 40 154 
293 K: 40 < P < 265 
323 K: 40 < P < 265 
423 K: 40 < P < 265 
523 K: P < 275 
     
Et-Tahir, et al. [19] 298 to 363 40 45 
293 K: 40 < P < 265 
323 K: 40 < P < 265 
423 K: P < 265 
523 K: P < 275 
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Table 2. Continued. 
Literature 
Literature 
Temperature 
Range (K) 
Literature 
Maximum 
Pressure 
(MPa) 
Literature 
Data Points 
Temperatures (K) and Pressures 
(MPa) for Density Data Obtained in 
This Study That Differ From 
Available Literature Data 
    
Methylcyclohexane (continued) 
Takagi, et al. [72] 283 to 343 21 128 
293 K: 21 < P < 265 
323 K: 21 < P < 265 
423 K: P < 265 
523 K: P < 275 
     
Zeberg-Mikkelsen, 
et al. [73,74] 283 to 353 100 101 
293 K: 100 < P < 265 
323 K: 100 < P < 265 
423 K: P < 265 
523 K: P < 275 
 
Ethylcyclohexane 
Voss, et al. [75] 327 to 440 10 24 
293 K: P < 265 
323 K: P < 265 
423 K: 10 < P < 265 
523 K: P < 265 
     
cis-1,2-Dimethylcyclohexane 
Voss, et al. [75] 325 to 461 10 21 
293 K: P < 265 
323 K: P < 265 
423 K: 10 < P < 265 
523 K: P < 265 
     
cis-1,4-Dimethylcyclohexane, trans-1,4-Dimethylcyclohexane 
Data at P > 0.1 MPa are not reported in the literature 
293 K: P < 265 
323 K: P < 265 
423 K: P < 265 
523 K: P < 265 
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Table 3.  Comparison of data obtained in this study to data available in the literature for o-
xylene, m-xylene, p-xylene, and 2-methylnaphthalene.  
Literature 
Literature 
Temperature 
Range (K) 
Literature 
Maximum 
Pressure 
(MPa) 
Literature 
Data Points 
Temperatures (K) and Pressures 
(MPa) for Density Data Obtained in 
This Study That Differ From 
Available Literature Data 
  o-Xylene  
Bridgman [32] 298 3920 12 
293 K: P < 265 
323 K: P < 265 
423 K: P < 265 
523 K: P < 275 
Et-Tahir, et al. [19] 298 to 363 40 45 
 
293 K: P < 265 
323 K: 40 < P < 265 
423 K: P < 265 
523 K: P < 275 
 
Garg, et al [76] 318 to 373 10 72 
293 K: P < 265 
323 K: 10 < P < 265 
423 K: P < 265 
523 K: P < 275 
Skinner, et al. [77] 303 207 6 
 
293 K: P < 265 
323 K: P < 265 
423 K: P < 265 
523 K: P < 275 
Takagi, et al. [78] 303 180 19 
 
293 K: P < 265 
323 K: P < 265 
423 K: P < 265 
523 K: P < 265 
Taravillo, et al. [79] 257 to 298 108 139 
 
293 K: 108 < P < 265 
323 K: P < 265 
423 K: P < 265 
523 K: P < 275 
 
Yang, et al. [80] 313 to 473 2 50 
293 K: P < 265 
323 K: 2 < P < 265 
423 K: 2 < P < 265 
523 K: P < 275 
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Table 3. Continued. 
Literature 
Literature 
Temperature 
Range (K) 
Literature 
Maximum 
Pressure 
(MPa) 
Literature 
Data Points 
Temperatures (K) and Pressures 
(MPa) for Density Data Obtained in 
This Study That Differ From 
Available Literature Data 
m-Xylene 
Bridgman [32] 298 3920 19 
293 K: P < 265 
323 K: P < 265 
423 K: P < 265 
523 K: P < 275 
     
Caudwell, et al. [81] 298 to 473 200 75 
293 K: P < 265 
323 K: 200 < P < 265 
423 K: 200 < P < 265 
523 K: P < 275 
     
Chang, et al. [82,83] 298 to 413 30 63 
293 K: P < 265 
323 K: 30 < P < 265 
423 K: P < 265 
523 K: P < 275 
 
Et-Tahir, et al. [19] 298 to 363 40 45 
293 K: P < 265 
323 K: 40 < P < 265 
423 K: P < 265 
523 K: P < 275 
 
Garg, et al. [76] 318 to 373 10 72 
293 K: P < 265 
323 K: 10 < P < 265 
423 K: P < 265 
523 K: P < 275 
 
Takagi, et al. [84] 303 200 21 
293 K: P < 265 
323 K: P < 265 
423 K: P < 265 
523 K: P < 265 
 
Taravillo, et al. [85] 226 to 299 110 182 
293 K: 110 < P < 265 
323 K: P < 265 
423 K: P < 265 
523 K: P < 275 
 
Yokoyama, et al. [86] 298 200 42 
293 K: P < 265 
323 K: P < 265 
423 K: P < 265 
523 K: P < 275 
 22 
Table 3. Continued. 
Literature 
Literature 
Temperature 
Range (K) 
Literature 
Maximum 
Pressure 
(MPa) 
Literature 
Data Points 
Temperatures (K) and Pressures 
(MPa) for Density Data Obtained in 
This Study That Differ From 
Available Literature Data 
p-Xylene 
Bridgman [32,33] 298 3920 9 
293 K: P < 265 
323 K: P < 265 
423 K: P < 265 
523 K: P < 265 
 
Castro, et al. [87] 288 to 303 43 37 
293 K: 43 < P < 265 
323 K: P < 265 
423 K: P < 265 
523 K: P < 265 
 
Et-Tahir, et al. [19] 313 to 363 40 36 
293 K: P < 265 
323 K: 40 < P < 265 
423 K: P < 265 
523 K: P < 275 
 
Fang, et al. [88] 313 to 473 3 39 
293 K: P < 265 
323 K: 3 < P < 265 
423 K: 3 < P < 265 
523 K: P < 265 
 
Garg, et al. [76] 318 to 373 10 72 
293 K: P < 265 
323 K: 10 < P < 265 
423 K: P < 265 
523 K: P < 275 
 
Skinner, et al. [77] 303 69 4 
293 K: P < 265 
323 K: P < 265 
423 K: P < 265 
523 K: P < 275 
 
Takagi, et al. [84] 303 50 6 
293 K: P < 265 
323 K: P < 265 
423 K: P < 265 
523 K: P < 265 
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Table 3. Continued. 
Literature 
Literature 
Temperature 
Range (K) 
Literature 
Maximum 
Pressure 
(MPa) 
Literature 
Data Points 
Temperatures (K) and Pressures 
(MPa) for Density Data Obtained in 
This Study That Differ From 
Available Literature Data 
p-Xylene (continued) 
Yokoyama, et al. [86] 283 to 298 40 5 
293 K: 200 < P < 265 
323 K: P < 265 
423 K: P < 265 
523 K: P < 275 
     
Yang, et al. [80] 313 to 473 2 50 
293 K: P < 265 
323 K: 2 < P < 265 
423 K: 2 < P < 265 
523 K: P < 275 
     
2-Methylnaphthalene 
Bridgman [32] 298 3920 9 
293 K: P < 265 
323 K: P < 265 
423 K: P < 265 
523 K: P < 275 
     
Ebina, et al. [89] 333 to 343 140 26 
293 K: P < 265 
323 K: P < 265 
423 K: P < 265 
523 K: P < 275 
     
 
For long-chain n-alkanes listed in Table 1, a maximum pressure of ~100 MPa is reported in the 
literature for n-hexadecane and n-octadecane density data. In contrast, Doolittle [65] reports n-
eicosane density data to pressures of 500 MPa and temperatures of 573.15 K. For cyclic 
hydrocarbons listed in Table 2, to the best of our knowledge, density data have not been reported 
for ethylcC6 and cis-1,2 at temperatures above 462 K and pressures above 10 MPa and for cis-
1,4 and trans-1,4 other than at ambient pressure. There are several reports on the density of 
methylcC6 [32,33,69,70] at extreme pressures, although none of these studies report data at 
temperatures greater than 348 K. 
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For aromatic hydrocarbons listed in Table 3, it is also clear that the density data obtained in this 
study extend the current database to higher temperatures and/or higher pressures. Note that this 
table does not include references only reporting density data at atmospheric pressure [90-94]. It 
is worth noting that the m-xylene and p-xylene density data reported by Yokoyama et al. [86] are 
not consistent with other references. Their original publication reported m-xylene liquid density 
data at 298.15 K and pressures to 40 MPa and a solidification boundary at 298.15 K and 44 MPa. 
For p-xylene they reported liquid density data at the same temperature and pressures to 200 MPa 
without observing any solidification boundary.  However, other references reported the 
solidification boundary for m-xylene at ~300 K and a pressure greater than 300 MPa [30] and a 
solidification boundary for p-xylene at ~300 K and a pressure of ~44 MPa [87,95]. It is very 
likely that Yokoyama et al. switched labels for the data sets for m-xylene and p-xylene. In fact, 
Castro et al. [87] reported p-xylene solidification data that are in close agreement with the value 
reported here at 295 K and with an expanded solidification data set reported in a more detailed 
study by our group [49]. 
 
1.1.4. Low Molecular Compounds Investigated in This PhD Work  
In this PhD study, densities and phase behavior of normal alkanes, and cyclic and aromatic 
hydrocarbons are experimentally determined and modeled. Table 4 lists the short-chain and 
long-chain alkanes, cyclic hydrocarbons, and aromatic hydrocarbons investigated in this study. 
Special attention is paid to on the impact of cyclic and aromatic isomer structure on the resultant 
densities. 
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Table 4.  Small-molecule compounds investigated in this PhD study. The compounds shown 
with a star means those compounds were previously reported in my master thesis [96] 
and are only listed here for comparison with the other compounds studied in this PhD 
project. 
Short-Chain Long-Chain Cyclics Aromatics 
n-Pentane* n-Hexadecane Cyclooctane* Toluene* 
n-Octane* n-Octadecane Methylcyclohexane o-Xylene 
n-Decane* n-Eicosane Ethylcyclohexane m-Xylene 
  cis-1,2-Dimethylcyclohexane p-Xylene 
  cis-1,4-Dimethylcyclohexane 2-Methylnaphthalene 
    trans-1,4-Dimethylcyclohexane   
 
1.2. High-Pressure Solution Behavior of Highly Branched Polymer Solutions 
The knowledge of solution behavior of low molecular weight hydrocarbons also provides a basis 
for the investigation on the thermodynamic properties of polymer-oil mixtures, where polymers 
are widely used as viscosity thickener, detergent, etc. in oil industry, especially considering that 
polymers are composed of low-molecular-weight segments. The second part of this PhD study is 
to extend high-pressure solution behavior studies to polymer solutions. 
 
Over the past few decades the advent of new chemistries has led to the creation of polymers with 
unique, well-defined architectures, such as highly branched polymers. Figure 4 shows the 
structures of several typical types of polymers with highly branched architectures from Gao et al. 
[97]. As one type of highly branched polymers, star polymers have a fixed number of branches 
or, in other words, arms. Star polymers are essentially globular and they do not exhibit chain 
entanglements, leading to their low melt viscosity. They are able to possess a large number of 
functional groups within a single molecule, and the functional groups can be readily modified for 
specific uses. Those unique properties ensure their wide applications in the areas of catalysis, 
coatings, lubrication, membrane formation, and drug delivery [98-102]. Compared with their 
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increasingly mature applications, the fundamental research on the physical chemistry properties 
is still in its infancy, such as solution behavior data especially at a wide range of temperatures 
and pressures. 
 
 
Figure 4.  Structures of polymers with dendritic architectures [97]. 
 
1.2.1. Role of High-Pressure Polymer-SCF Solutions in Industrial Applications 
Supercritical fluid (SCF) solvents have been extensively studied for the past 40 years as 
environmentally friendly solvents in different areas especially for polymer processing [103]. SCF 
solvents have been used as a medium for polymerization processes, polymer purification, and as 
environmentally preferable solvents for solution coatings and powder formation. The earliest 
applications of SCF solvents for polymer processing can be traced back to the late 1930s. More 
than six billion pounds of polyethylene were produced at elevated temperatures and pressures 
that are certainly supercritical conditions [104].  Therefore, it is important to understand the 
underlying physics and chemistry of the solution behavior for polymer-SCF solvent mixtures to 
fully exploit the potential of polymer processing in SCF solvents.  
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Experimental high-pressure solution behavior data by themselves for polymer-SCF mixture are 
used as a basis for designing the processes related to polymerization, separation, and recycle 
processes. For example, high-pressure phase behavior data can be used to determine the polymer 
fractionation conditions by both molecular weight and composition [105,106]. The high-pressure 
solution behavior data also provides guidance in choosing the suitable solvent for a polymer 
purification process. For example, for a process for removing residual solvent, monomer, or 
catalyst, it is important to know the operating temperature and pressure conditions at which these 
components preferentially dissolve relative to those conditions needed to dissolve the polymer 
[104].  
 
1.2.2. Effect of Branched Architecture on High-Pressure Solution Behavior  
Polymer branched architecture is an important variable that can affect the solution behavior of 
polymer-solvent mixture. Generally speaking, branching increases the free volume of a polymer 
and reduces the intermolecular interactions between polymer segments, making the branched 
polymers easier to dissolve in a given solvent. Kleintjens et al. show that the upper critical 
solution temperature (UCST) for the branched polyethylene (PE)-diphenyl ether mixture is over 
10 K lower than the linear PE-diphenyl ether mixture with almost the same molecular weight and 
molecular weight distribution [107].  However, the branching effect on the solution behavior is 
not pronounced for some polymers in some liquid solvents. For example, Okumoto et al. [108] 
reported that “no substantial difference appears in the theta temperature” between the star 
polystrene (PS)-cyclohexane (CH) mixture and the linear PS-CH mixture. One main reason is the 
sufficiently high solvent quality of liquid CH, which masks the potential differences in the phase 
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behavior of a branched polymer relative to a linear polymer at the atmospheric pressure.  
 
The branching effect on polymer solubility has been extensively reviewed by Kirby and McHugh 
for polymers dissolved in an SCF solvent [104]. For example, Hasch et al. [109] reported on the 
phase behavior of linear, low-density polyethylene with different degrees of chain branching in 
supercritical ethane and propane. The phase transition pressure decreases with an increase in the 
number of chain branches, which is likely a consequence of the increase in the free volume of the 
highly branched polymer.  The branching effect on the phase behavior is more pronounced when 
using ethane, which has a lower solvent quality than propane. The authors also note that a broad 
molecular weight polydispersity can mask the chain branching effect. Thus, a fractionation 
procedure might be needed to narrow the molecular weight distribution of a polymer. 
 
To the best of our knowledge, there are a modest number of studies on the phase behavior of 
multi-branched polymer-SCF mixtures, let alone the investigation of branching effects for these 
polymers at high pressures. Seiler et al. [110] reported the phase behavior data of binary and 
ternary mixtures containing hyperbranched polyesters (commercial name: Boltorn®) in the 
presence of supercritical CO2 at pressures to 18 MPa. Researchers at Delft University of 
Technology [111-113] reported the high-pressure phase behavior for binary systems of 
hyperbranched polyester in supercritical CO2 and propane as well as for the ternary mixture of 
hyperbranched polyglycerol + methanol + CO2. They found that the polymer concentration at the 
upper critical solution temperature (UCST) for the hyperbranched polymer was much higher than 
its corresponding linear polymer by comparing the phase behavior of hyperbranched 
polyglycerol + methanol + CO2 with linear polyglycerol in the same solvents [113,114]. 
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Gregorowicz et al. [115,116] found that the different terminal groups for a hyperbranched 
polymer have a large effect on the solubility of the polymer in supercritical CO2.   
 
These recently published studies are performed at high pressures, but the bulk of the studies 
available in the literature utilized low molecular weight hyperbranched polymers (Mw < 35,000) 
with a more random architecture. In contrast, star polymers are highly structured with a core 
surrounded by arms, so that synthetic chemistry can be used to create star polymers with 
different architectural features such as arm number, arm composition, and arm length, making it 
possible to obtain a complete study of branching effects. Although in one study Gregg et al. 
[117] reported cloud-point data for a three-arm, low molecular weight polyisobutylene (Mw = 
4,100) in different SCF solvents, these authors did not investigate the impact of branching on the 
phase behavior. This PhD study intends to investigate the architectural effects by comparing 
high-pressure solution behavior of star polymer-SCF mixture with that of its linear analogue-
SCF mixtures. 
 
1.2.3. Solution Behavior Differences between Star and Linear Polymers in Liquid Solvents 
Previously reported studies on star polymer-solvent solution behavior are typically performed 
with incompressible liquids at ambient pressure, not at high pressures with supercritical fluids. 
Star (sPS) and linear polystyrene (lPS) are mostly used and the solution behavior of the two 
polymers is compared for the investigation of multi-branching architectural effects. Typical 
solvents for dissolving sPS and lPS include toluene, cyclohexane (CH), and methylcyclohexane 
(MCH), which are characterized as a good solvent, theta solvent, and poor solvent, respectively 
[118]. Studies have been performed on the comparison of the UCST, radius of gyration, <Rg2>, 
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and second osmotic virial coefficients, B22, for sPS solution and lPS solution at the same 
molecular weight (Mw) at different compositions and at atmospheric pressure. Given that star and 
linear polymers can be readily dissolved in a good solvent such as toluene, UCST data were only 
reported for polymer solutions with CH and MCH. A 2 to 4 K decrease in UCST was observed 
for sPS-CH mixtures relative to that observed for lPS-CH mixtures [119-122]. Further, the 
critical volume fraction of the sPS-CH system is slightly greater than that for the lPS-CH system, 
indicating that the star morphology suppresses the impact of molecular weight on solubility 
relative to the effect found with the linear polymer analogue [120]. Alessi et al. [123] observed a 
5 to 15 K decrease in the UCST for an eight-arm sPS-MCH mixture relative to lPS-MCH 
mixture with PS of the same molecular weight (Mw = 77,000 or 268,000), although no noticeable 
difference was observed for the critical volume fraction of these mixtures.  
 
<Rg2> for the star polymer is always smaller than its linear analogue polymer with the same 
molecular weight [108,118], which is one of the reasons for the greater solubility of star 
polymers. <Rg2> decreases with an increase in the number of arms while it increases with an 
increase in the arm length [118]. Molecular simulation shows that arms are stretched in a star 
polymer to best accommodate both the intra- and inter-arm repulsions [124,125]. Arm stretching 
also increases with an increase in the number of arms [118], indicating a larger free volume for 
the star polymer than its linear analogue. Other researchers compared B22 for the star polymer-
solvent solution and its corresponding linear polymer-solvent solution. Interestingly, the 
difference in B22 depends on the solvent quality. Striolo et al. [118] reported experimental B22 for 
an eight-arm sPS solution and lPS solution in toluene (good solvent), CH (theta solvent), and 
MCH (poor solvent) in the temperature range of 283 K to 333 K. B22 for sPS solution is always 
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positive in the studied temperature range regardless of solvent quality, indicating a good 
solubility in all the three solvents. On the other hand, B22 for lPS in toluene is positive and larger 
than that of sPS solution, while B22 for lPS in CH and MCH becomes negative, indicating a 
tendency of precipitating from solution for lPS in theta and poor solvent in the studied 
temperature range. In a more recent study, Xiong et al. [126] compared the Flory-Huggins 
interaction parameter, χ, for three-arm, star polybutadiene (PB)-tetrahydrofuran (THF) solutions 
to those of linear PB-THF solutions. They concluded that the free volume of the star PB is larger 
than the free volume of the linear PB at 328 K (55°C), whereas this relationship reverses at 298 
K (25°C). Xiong et al. [126] ruled out end group effects when explaining the differences in star 
and linear polymer solubility and concluded that the observed solubilities are a strong function of 
the differences in the number of inter and intra segmental contacts for a star versus a linear 
polymer.  
 
All of the aforementioned studies demonstrate the effect of branching on the physical properties 
of the star polymer solution especially in a theta solvent, such as CH, or poor solvent, such as 
MCH, within a moderate temperature range and at atmosphere pressure. However, sometimes 
the solvent quality is still sufficiently high to mask the potential differences in the solution 
behavior of a star polymer solution and its linear analogue polymer solution. For example, 
Okumoto et al. [108] reported “no substantial difference appears in the theta temperature” 
between a four-arm sPS-CH mixture and the lPS-CH mixture. Rather than use an incompressible 
fluid, this PhD study will investigate the differences in star and linear polymer solubility in a 
highly compressible, supercritical fluid solvent to magnify the impact of polymer architecture on 
solubility. 
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1.2.4. Polymer-Solvent Mixtures investigated in This PhD Work 
In this PhD study, high molecular weight (Mw ~ 100,000 to 900,000) star polymer with a 
divinylbenzene (DVB) core and poly(lauryl methacrylate-co-methyl methacrylate) (LMA-
MMAx where x represents the mole percent MA) arms is used to determine the effect of the 
number of arms on the solution behavior in supercritical propane.  The star polymer-propane 
behavior is contrasted with that observed for linear LMA-MMAx copolymers in propane to 
ascertain the impact of the star morphology on the solution behavior. 
 
1.3. Modeling High-Pressure Solution Behavior 
Accurate thermodynamic models are crucial for obtaining the desired thermodynamic properties 
at given temperatures and pressures given the costs associated with experiments. Table 5 lists 
the choice of thermodynamic models used in industry in the past decade [127]. Note that some 
thermodynamic models (e.g. UNIFAC, UNIQUAC) assume the liquid phase is incompressible, 
which do not take into account the pressure dependence of the thermodynamic properties, and 
therefore are only applicable for low-pressure thermodynamic property predictions. On the other 
hand, equations of state (EoS) are typically used in the high-pressure thermodynamic property 
modeling. The term "high-pressure" refers to pressures high enough to have a significant effect 
on the thermodynamic properties of each phase, typically greater than 1.5-2 MPa [128]. Since 
van der Waals proposed his EoS in 1873, numerous EoS have been proposed to represent the 
pressure-volume-temperature (PVT) relationship. Among these, cubic equations (e.g. Peng-
Robinson EoS and Soave-Redlich-Kwong EoS) and statistical associating fluid theory (SAFT)-
based equations (e.g. PC-SAFT EoS) are the ones most commonly used in industry and are the 
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ones extensively studied in academia. A large number of modifications have been proposed to 
keep improving the predictive capabilities of these two types of equations.  
 
Table 5.  Choice of thermodynamic models used in industry in the past decade [127]. 
Chemical 
Systems   
Primary Choice 
Models   
Secondary 
Choice Models   Problem Areas 
Air separation   Peng-Robinson, Soave-Redlich-Kwong   
Corresponding 
States     
Gas processing   Peng-Robinson, Soave-Redlich-Kwong   BWRS     
Gas treating   Kent-Eisenberg, Electrolyte NRTL       
Data, parameters, 
models for mixing 
amines 
Petroleum 
refining   
BK10, Chao-Seader, 
Grayson-Streed, Peng-
Robinson, Soave-
Redlich-Kwong, Lee-
Kessler-Plocker 
      Heavy crude characterization 
Petrochemicals 
– VLE   
Peng-Robinson, 
Soave-Redlich-
Kwong, PSRK 
  
NRTL, 
UNIQUAC, 
UNIFAC 
  Data, parameters 
Petrochemicals 
– LLE   NRTL, UNIQUAC       
Data, parameters, 
models for VLLE 
systems 
Chemicals   NRTL, UNIQUAC, PSRK   UNIFAC   Data, parameters 
Electrolytes   Electrolyte NRTL, Zemaitis   Pitzer   
Data, parameters, 
databanks, model 
for 
polyelectrolytes 
Oligomers   Polymer NRTL   UNIQUAC, UNIFAC   
Pure component 
fugacity, 
databanks 
Polymers   Polymer NRTL, PC-SAFT   
Sanchez-
Lacombe, SAFT, 
UNIFAC-FV 
  
Data, parameters, 
databanks, flash 
algorithms, model 
for polar polymers, 
block copolymers 
Steam   NBS/NRC         
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Environmental   UNIFAC+Henry's Law       Data 
Pharma/ 
Biological   None       
Data, databanks, 
models 
 
One focus of this PhD study is the analysis of the performance of cubic equations of state (EoS) 
and one of the most commonly used SAFT-based equation, perturbed-chain statistical fluid 
theory (PC-SAFT) EoS, for modeling the solution behavior of small molecules and polymer 
systems. Special attention is given to the predictive capabilities of these EoS to capture the 
effects of molecular structure on the phase behavior and densities of a variety of hydrocarbon 
compounds and polymer solutions at elevated temperatures and pressures. The following section 
gives an overview of the cubic EoS and PC-SAFT EoS used in this study. 
 
1.3.1. Role of Cubic Equation of State (EoS) in Industrial Applications 
As listed in Table 5, cubic equations such as the Peng-Robinson (PR) EoS and the Soave-
Redlich-Kwong (SRK) EoS are widely used in a variety of industrial applications, including air 
separation, gas processing, and petrochemicals processing. The critical pressure, Pc, critical 
temperature, Tc, and acentric factor, ω, of the component(s) of interest are needed to perform the 
calculation. The PR EoS is given as 
 
P = RTV − b −
a(T )
V V + b( ) + b V − b( )  (5) 
 
where 
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b = 0.07780RTcPc  (6) 
a(T ) = ac 1+m 1−
T
Tc
⎛
⎝⎜
⎞
⎠⎟
⎡
⎣
⎢
⎢
⎤
⎦
⎥
⎥
2
 (7) 
ac = 0.45724
RTc( )2
Pc  (8) 
m = 0.37464 +1.54226ω − 0.26992ω 2  (9) 
 
Compared with other EoS, cubic equations are facile to implement and are able to provide 
reasonable solution behavior predictions for the sub-critical region. Therefore, cubic equations 
are widely used in industry, although they do not perform well for high-pressure liquid density 
data prediction [7] and for the predictions of solution behavior of compounds with a large 
acentric factor [8]. Further, the cubic equation model has been successfully used in a variety of 
industrial processes for decades, which means engineers are knowledgable of the strength and 
weakness of these equations. Chen, the co-founder of Aspen Technology, Inc., clearly stated the 
importance of an established model such as cubic equations in industry [127], “Once a model is 
successfully used for the simulation or design of a plant or a process, the model becomes a 
corporate asset, and it is integrated into company business processes. Models often remain in use 
as long as the plant or the process is in service or until the perceived advantages of a new model 
justify the substantial investment needed to upgrade to a new model. Industry rarely updates or 
re-invents its thermodynamic models with newer and better thermodynamic correlations unless a 
clear advantage is evident.” Contemporary cubic EoS such as PR and SRK equations will likely 
still be widely used unless sufficient evidence shows significant disadvantages of these EoS and 
a great improvement with a newly developed model. 
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Therefore, one of the goals of this PhD study is to demonstrate the performance of the PR EoS 
for predicting the hydrocarbon liquid densities at extreme temperatures and pressures. These 
calculations provide evidence of the disadvantages of using a contemporary cubic EoS used for 
simulation. Hence, the newly developed PC-SAFT EoS specifically for high-pressure use will be 
introduced and their performance will be compared with that of the PR EoS. However, before 
describing the PC-SAFT EoS, a modified cubic EoS will be illustrated and the performance of 
these modified cubic EoS will also be considered in this PhD study. 
 
1.3.2. Volume-Translated Cubic EoS 
As is mentioned, the regular cubic EoS such as SRK and PR EoS fail to provide accurate 
predictions of liquid densities over a wide range of temperatures and pressures. One 
straightforward way to overcome this limitation is to modify the volume dependence of both the 
attractive and repulsive terms, leading to volume-translated cubic equations. This approach is 
easily incorporated into a cubic EoS without unduly complicating the mathematical manipulation 
of the equation needed to calculate solution properties. The volume translation term, c, is 
introduced to represent the deviation between the predicted liquid molar volume, vEoS, and the 
corresponding experimental value, vexp. 
 
expEoSc v v= −  (10) 
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The effect of the volume translation on the vapor density is insignificant given the large value of 
the vapor volume compared to that of the liquid volume. The calculation of the pure component 
vapor pressure is not affected when c is a constant or a function only of temperature [4]. 
 
Peneloux et al. [129] proposed a component-dependent volume correction constant, c, as the 
difference between the EoS-predicted and the corresponding experimental saturated liquid 
volume at Tr = 0.7 
 
exp 0.7rEoS T
c v v == −  (11) 
 
Peneloux applied the volume translation to the SRK EoS and correlated c to Tc, Pc and the 
Rackett compressibility factor, ZRA, for hydrocarbons up to n-decane.  Equation (12), which only 
contains pure-component parameters, is the expression for c derived by Peneloux and coworkers.   
 
( )0.40768 0.29441c RA
c
RTc Z
P
= −  (12) 
 
Other authors have proposed enhanced volume translation correlations that account for the 
influence of temperature on c.  For example, Ji and Lempe [130], and Wang and Gmehling [131] 
defined a temperature-dependent volume correction expression applied to the SRK EoS as 
 
( , , )c c rc c f Z Tω=  (13) 
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where cc is the volume correction at the critical temperature. The parameters in the f(ω, Zc, Tr) 
volume correction equation were optimized by fitting experimental saturated liquid densities.   
 
Magoulas and Tassios [132] proposed a different temperature-dependent volume correction 
expression to improve the prediction of α modified PR EoS as shown in Equation (14) 
 
( )0 1 2exp 1 rc c c c T= + −  (14) 
 
where c0, c1, and c2 are component-dependent and are obtained by regressing saturated liquid 
density data.  
 
Ungerer et al. [133-138] calibrated the volume translation correction for the PR EoS, generally at 
50 MPa, and proposed the following correlation for hydrocarbons up to tridecane 
 
( )34.5 0.46666 0.023 0.00056c M M T= − + + −  (15) 
 
where M  is the molecular weight (g/mol) and T the temperature (K). 
 
For heavier hydrocarbons, these authors recommend the following correlation 
  
( )( )( , ) 0.023 0.00056ref ref ref
ref
Mc v T P M T T
ρ
= − + − −  (16) 
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where v(Tref,Pref) is the liquid molar volume calculated by the untranslated EoS at the same 
conditions where a reference experimental density, ρref, is available. 
 
Several other investigators [139-142] incorporated a density dependency into the translation 
function in addition to the temperature dependency. Although this type of T-ρ volume translation 
expression, that is fit to saturated data, may substantially improve the predictive ability of a cubic 
EoS in the near-critical and low pressure regions, it has only a limited effect on the prediction 
accuracy at high temperatures and pressures. Recently, it has been demonstrated that a T-ρ-
translated SRK EoS proposed by Frey et al. [140] provides only a modest improvement in the 
performance of the SRK EoS at  high-temperature, high-pressure (HTHP) conditions [7].  
 
Recently, Baled et al. [11] proposed a high-temperature, high-pressure volume-translated cubic 
(HTHP VT-cubic) EoS, including a HTHP VT-SRK EoS and a HTHP-VT PR EoS. Rather than 
correlating the volume correction to saturated liquid densities, as is done in most prior volume 
translation methods, the volume translation term in the HTHP VT-SRK EoS is correlated to pure 
component, single-phase density data for short- and long-chain alkanes, cycloalkanes, and 
aromatics at temperatures to 523 K and pressures to 275 MPa [7,8]. The HTHP-VT SRK EoS 
and HTHP-VT PR EoS are presented as 
 
HTHP VT-SRK EoS: 
 
( )( )
cRTP
v c b v c v c b
α α= −
+ − + + +
 (17) 
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HTHP VT-PR EoS: 
 
( )( ) ( )
cRTP
v c b v c v c b b v c b
α α= −
+ − + + + + + −
 (18) 
 
Values for acα and b are the same with those in SRK EoS and PR EoS [143]. The volume 
translation term c is 
 
exp( ) •EoS rc T V V A B T= − = +  (19) 
 
where A and B are correlated to a function of molecular weight (Mw) and acentric factor (ω), as 
given in Equation (20) 
 
0 1 3 5
2 4 6
1 1 1, exp exp exp
w w w
A B k k k k
k M k M k Mω ω ω
⎛ ⎞ ⎛ ⎞ ⎛ ⎞− − −= + + +⎜ ⎟ ⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠ ⎝ ⎠
 (20) 
 
where k0 through k6 are fixed parameters shown in Table 6. 
 
Table 6.  Parameters k0 through k6 for HTHP VT-cubic EoS [11]. 
Constants HTHP VT-SRK EoS 
HTHP VT-PR 
EoS 
A 
(cm3/mol) 
k0 0.2300 -4.1034 
k1 46.843 31.723 
k2 0.0571 0.0531 
k3 23161 188.68 
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k4 0.0003 0.0057 
k5 267.40 20196 
k6 0.0053 0.0003 
B 
(cm3/mol) 
k0 -0.3471 -0.3489 
k1 -29.748 -28.547 
k2 0.0644 0.0687 
k3 -347.04 -817.73 
k4 0.0010 0.0007 
k5 -88.547 -65.067 
k6 0.0048 0.0076 
 
This PhD study will use the HTHP VT-PR EoS for modeling liquid densities for the studied 
hydrocarbons including long-chain alkanes, cyclic hydrocarbons, and aromatic hydrocarbons at 
extreme temperatures and pressures. The performance of HTHP VT-PR EoS is compared with 
that of the PR EoS and the PC-SAFT EoS. 
 
1.3.3. Perturbed-Chain Statistical Associating Fluid Theory (PC-SAFT) 
PC-SAFT EoS along with other SAFT-based equations is generally acknowledged as superior to 
cubic equations of state with respect to describing the physics of the system, although SAFT-
based EoS are less frequently used in industry due to the complex and intensive computations 
need for SAFT-based model calculations. First proposed by Chapman, Radosz, and coworkers in 
the 1990s [144-148], the SAFT theory represents the pure component or mixture Helmholtz free 
energy as a sum of terms accounting for hard sphere repulsion, dispersion interactions, chain 
connectivity, and association between segments.  The hard sphere term is the Helmholtz energy 
of repulsive interactions between equal-sized spheres with a hard-core volume.  For pure 
components, this hard sphere term is based on the theory of Carnahan and Starling [149].  The 
Helmholtz energy term representing dispersion interactions between hard spheres is based on a 
 42 
power series derived originally by Alder [150], which was fit by Chen and Kreglewski [151] to 
pure-component PVT and second virial coefficient data for argon.  Chapman and coworkers 
derived the chain connectivity term, which represents the Helmholtz energy necessary to form a 
mixture of hard chains from the hard spheres [144].  The Helmholtz energy of association term, 
derived from the cluster expansion theory of Wertheim [152-155], is needed to account for 
specific interactions, such as hydrogen bonding and complex formation.  
 
As one of the most important and frequently used SAFT-based equations, the PC-SAFT EoS is 
identical to the original SAFT equation except for the dispersion interaction term, which is 
determined by applying the perturbation theory of Barker and Henderson to a hard-chain 
reference fluid.  That is, in PC-SAFT, the dispersion energy is calculated for a mixture of hard 
chains rather than hard spheres.  The PC-SAFT equation has been used to model the phase 
behavior for many classes of organic compounds including normal and branched alkanes, 
cycloalkanes, alkenes, gases, ethers, esters, benzene derivatives, halogenated hydrocarbons, and 
poorly defined materials such as polymers, as well as mixtures of polymers and low molecular 
weight hydrocarbons [156].  In addition, the PC-SAFT equation provides superior phase 
equilibrium predictions for mixtures with both associating and non-associating substances [156-
158]. 
 
The PC-SAFT EoS is an expansion of the residual, molar Helmholtz free energy, , and a 
detailed description can be found elsewhere [156,159]. For non-associating pure-component 
fluids, such as the hydrocarbons considered in this PhD study, the equation is given as 
 
 a
res
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where , , and  are the contributions to the residual Helmholtz free energies for hard-
chain, dispersion, and hard-sphere fluid interactions, respectively. ghs, m, and η represent the 
hard-sphere fluid radial distribution function, the number of segments, and the reduced fluid 
density. I1 and I2 in equation 18 are calculated from power series in density [156]. ρ, σ, ε, and kB 
~ hc
a
~ disp
a
~ hs
a
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are the total number density of molecules, temperature-independent segment diameter, 
interaction energy, and Boltzmann constant, respectively. C is 
 
12 2 3 4
4 2
8 2 20 27 12 21 (1 )
(1 ) [(1 )(2 )]
C m mη η η η η η
η η η
−
⎛ ⎞− − + −= + + −⎜ ⎟− − −⎝ ⎠
 (31) 
 
The density at a given pressure is determined by adjusting the value of the reduced density, η, to 
minimize the difference between the calculated pressure and the system pressure, which is 
described in detail elsewhere [156]. For non-associating fluids, only three pure component 
parameters, m, σ, and ε/k, are needed to model thermodynamic properties.  
 
1.3.3.1. Techniques to Determine Pure-Component Parameters: Low Molecular Compounds 
For low molecular compounds, the pure-component parameters are most commonly obtained by 
simultaneously fitting the PC-SAFT EoS to the experimental vapor pressure and subcritical 
density data [156,160]. The PC-SAFT equation with these parameters provides reasonable 
predictions of volumetric properties, phase equilibrium data, and caloric data for pure 
components and mixtures at a moderate pressure range [156,160] while overpredicting the 
density values at pressures over 50 MPa [7,8]. The magnitude of this overprediction can reach 
5% at pressures greater than 240 MPa.  
 
In contrast, Burgess et al. [13] reported a new set of pure-component parameters, known as high-
temperature high-pressure (HTHP) pure-component parameters, by fitting the equation to single-
component density data collected at temperatures to 533 K and pressures to 275 MPa, which are 
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similar to conditions typically associated with petroleum recovery from ultradeep reservoirs. The 
HTHP parameters resulted in density predictions that agree with experimental data to better than 
±1%, but lead to inferior phase equilibrium predictions that generally occur at low to moderate 
pressures (i.e. lower than 7 MPa). To overcome this issue, Burgess et al. [12] described a hybrid 
method for calculating PC-SAFT parameters as a function of pressure in a more recent 
publication.  The parameters are calculated with a function that provides a smooth transition 
from the low-pressure PC-SAFT parameter values reported previously in the literature to the 
corresponding high-pressure PC-SAFT parameter values that best fit density data at ultra-deep 
reservoir conditions.  
 
In addition to fitting to experimental data to obtain pure-component parameters, a number of 
group contribution (GC) methods have been used for the estimation of the parameters. These 
methods are especially important when experimental data are not available for fitting parameters. 
These GC methods will be addressed in detail in Section 1.3.3.3. 
 
1.3.3.2. Techniques to Determine Pure-Component Parameters: Polymers 
As is mentioned in the previous section, the pure-component parameters for low molecular 
weight compounds are mostly obtained by fitting to the experimental vapor pressure data and 
density data. However, methods used for low molecular weight compounds cannot be used for 
polymer systems since vapor pressure data are not available or have no meaning for polymers. 
Obtaining reliable SAFT-based EoS parameters for polymers is currently an active research area. 
One fitting approach is to use polymer density data alone at a wide range of temperatures and 
pressures [6,161]. However, this approach may not always result in pure-component parameters 
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suitable for reasonable phase equilibrium predictions [162]. The reason is mainly the low 
sensitivity of the energy parameter, ε/k, to liquid densities [162]. Therefore, two other methods 
have been commonly used to meet the difficulties of determining the pure-component parameters 
for polymers. For the first method, the parameters are obtained by simultaneously fitting polymer 
density data and phase equilibrium data for mixtures of the polymer under investigation with one 
or more solvents. However, this method can only be used when experimental data for the 
polymer of interest are available.  
 
The second commonly used method is to extrapolate the values of pure-component parameters 
found with a series of low molecular weight components. For example, Kouskoumvekaki et al. 
[163] proposed extrapolation equations that relate polymer parameters to those of the 
corresponding monomer for PC-SAFT EoS. However, this method needs pure-component 
parameter information of a homologous series of low molecular weight components and this 
method does not account for molecular effects such as chain entanglements, self-interactions, 
and shielding effects [162]. 
 
As an alternative, a GC method can be used for the estimation of polymer parameters. GC 
parameters for each group are usually obtained by fitting to abundant experimental data of low 
molecular weight compounds. The polymer PC-SAFT parameters can then be obtained with 
these GC parameters. Details of the GC methods will be addressed in Section 1.3.3.3. 
 
1.3.3.3. Group-Contribution Method to Determine Pure-Component Parameters 
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A number of GC methods have been proposed for use with SAFT-based models. The method of 
Tamouza et al. [164,165] accounts for the contribution of each different type of carbon atom 
found on a compound to the overall values of the PC-SAFT parameters and the frequency with 
which the type of hydrocarbon appears in the molecule. Vijande et al. [166] reported a GC 
method for calculating PC-SAFT parameters that accounts for the separation of the various 
substituent groups (i. e., methyl, methylene, etc.) on a compound. While this model returns good 
density predictions for some classes of compounds, such as n-alkanes, its application can be a 
cumbersome undertaking.  
 
The GC model of Tihic et al. [167], which is based on the Constantinou-Gani method developed 
to predict polymer pure component parameters [168], proves to be a more facile method for 
calculating PC-SAFT parameters.  In this scheme, each molecule is comprised of simple, first-
order groups (FOGs) that appear in the compound (such as methyl and methylene groups) and 
smaller, second-order group (SOG) contributions owing to the presence of larger functional 
groups (such as an isobutyl group).  The PC-SAFT parameters m, σ, and ε/k are expressed as a 
function of individual group contribution parameters mi, miσι, and miει /k for each group i, and of 
the number ni of each group present. In this particular method, Tihic et al. [167] calculated GC 
parameters for each group i by analyzing available pure-component PC-SAFT parameters of low 
molecular weight compounds and those pure-component parameters are also determined by 
simultaneously fitting vapor pressure and subcritical density data [156,160]. Tihic et al. [167] 
find good predictions of polymer densities and solution behavior of polymer systems at relatively 
low pressures. In this PhD study, the PC-SAFT EoS combined with the GC method of Tihic et 
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al. will be used to model the solution behaviors of pure components and polymer systems and 
their predictive performance will be examined in detail. 
 
1.3.4. Copolymer PC-SAFT EoS 
As a modification of regular PC-SAFT EoS, copolymer PC-SAFT equation is used to model the 
thermodynamic properties of copolymer systems, which accounts for the fraction of each 
segment type, ziα and ziβ, and the bonding fraction between segments, Biαiβ, in copolymer i [169]. 
The hard-chain interaction and dispersion residual Helmholtz free energy terms are now given as 
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where miα is the segment number of type α in copolymer i, which is obtained from pure-
component parameter (m/Mw)iα. wiα and Mwcopol represent the mass fraction of the repeat unit α 
and the molecular weight of the copolymer, respectively. In this PhD study, the copolymer PC-
SAFT EoS is used to model the solution behavior of linear LMA-MMAx-propane mixtures. 
 
1.3.5. Summary of EoS Models 
As is mentioned in the previous sections, each EoS model has its advantages and disadvantages. 
For example, the PC-SAFT EoS is the best choice for predicting the thermodynamic properties 
of polymer systems given that a polymer will degrade before exhibiting a critical point.  Several 
authors have also shown that the parameters used in the PC-SAFT EoS reflect the size, structure, 
and specific interactions of the repeat groups in a polymer molecule [144-146,156,162,169].  
Hence, these parameters can be correlated to different characteristics of a repeat group, 
especially for those groups that fall within a given chemical family, such as aromatics [128]. 
Other than the type of chemical compounds, the choice of EoS model also depends on the type of 
predicted thermodynamic properties and operating temperature and pressure conditions. The 
newly developed HTHP VT-cubic EoS and HTHP PC-SAFT EoS are specially designed for 
high-temperature and high-pressure conditions and, therefore, definitely perform better than a 
cubic EoS and the PC-SAFT equations with pure component parameters fit to the vapor pressure 
curve. On the other hand, for low-pressure solution behavior, such as phase equilibrium and 
density data predictions, the best choice is the PC-SAFT EoS with pure component parameters 
fit to vapor pressure curve. A simple cubic EoS is also able to provide reasonable predictions for 
low-pressure solution behavior of low molecular weight compounds. For moderate to high 
molecular weight compounds, such as long-chain alkanes, that have an acentric factor greater 
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than ~0.5, cubic equations do not perform well. In general, cubic equations of state underpredict 
the liquid density, although as mentioned, they do a very good job predicting vapor-liquid 
equilibria for mixtures.  It is also worth mentioning that, to the best of our knowledge, none of 
the EoS considered in the dissertation can simultaneously give accurate predictions for both fluid 
behavior and derivative properties, such as isothermal compressibility and speed of sound.  
Recently Kontogeorgis and coworkers [170] showed that even if both liquid densities and 
derivative property data are used simultaneously to calculate pure component parameters, poor 
predictions are obtained for fluid properties at high pressures and temperatures.  Active research 
for improving the performance of contemporary EoS is ongoing and will continue for some time 
into the near term. 
 
1.4. Objectives of This PhD Study 
A major focus of this PhD study is the experimental determination of the solution behavior 
including fluid phase behavior and densities for n-alkanes, cyclic hydrocarbons, aromatic 
hydrocarbons, and star polymer solutions at temperatures to 523 K and pressures to 275 MPa. 
Both types of experiments are performed using a variable-volume view cell.  Solution densities 
are measured by coupling the view cell with a linear variable differential transformer (LVDT) 
that tracks the location of an internal piston in the cell. 
 
A second focus of this PhD study is the analysis of the performance of cubic equations of state 
(EoS) and perturbed-chain statistical associating fluid theory (PC-SAFT) EoS for the modeling 
the solution behavior of small molecules and polymer systems. Special attention is given to the 
predictive capabilities of these EoS to capture the effects of molecular structure on the phase 
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behavior and densities of a variety of hydrocarbon compounds and polymer solutions at elevated 
temperatures and pressures. 
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Chapter 2 Experimental Techniques 
 
2.1. High-Pressure, Volume-Variable View Cell Apparatus 
The experimental system is illustrated in Figure 5, which consists of a high-pressure view cell, 
linear variable transformer (LVDT), pressure transducer, temperature control and measurement 
system, display system, and thermoset insulation. The schematic diagram of the view cell and 
LVDT is shown in Figure 6. A cylindrical view cell, constructed of high nickel content steel 
(Nitronic 50TM), is 7.00 cm outside diameter, 1.59 cm inside diameter, and approximately 35 ml 
working volume. A 1.9 cm outside diameter by 1.9 cm thick sapphire window is fitted to one end 
of the cell. The window is sealed by a 116 viton o-ring (15/16” O.D., 3/4” I.D.) and a 116 EPR 
backup o-ring. After securing the window in the cell, the end cap is bolted to the cell body. The 
cell is flipped vertically and a stir bar is loaded in the cell followed by the piston. For the piston, 
a 205 viton o-ring (11/16” O.D., 7/16” I.D.) is used to separate the cell contents from water, 
which is the hydraulic fluid used to move the piston. Then a rod with a magnetic end piece, 
called a core, is connected to the piston so that the rod extends out of the cell. The core travels 
through an LVDT (Schaevitz Corp., Model 2000 HR) that senses the position of core. A type-K 
thermocouple (Omega Corporation) connected to one of the side ports is used to measure the 
temperature of the fluid in the view cell, which is housed in an air bath. The cell is also wrapped 
with heating bands to obtain very high operating temperatures. The typical control of the 
temperature of the heating bands is ± 0.2°C. After loading the fluid of interest into the cell 
through a side port, the water is pressurized by the high-pressure generator (HIP Inc., model 37-
5.75-60), pushing the piston forward to compress the fluid of interest. The system pressure is 
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measured by a calibrated pressure transducer (Viatran Corporation, Model 245, 0 - 50,000 psig 
(345 MPa), accurate to ± 50 psig (0.35 MPa)) on the water side of the piston. 
 
 
Figure 5.  Schematic diagram of the experimental system used in this study to obtain high-
pressure density measurements. 
 
 
                                (A)                                                                       (B) 
Figure 6.  Schematic diagram of (A) the high-pressure view cell used in this study, and (B) the 
LVDT used for volume measurements. 
 
2.1.1. Calibration of the Pressure Transducer and Thermocouple 
2.1.1.1. Pressure Transducer Calibration 
The transducer used to determine the pressure in the view cell is calibrated against a Heise 
pressure gauge (Heise Corporation, Model CC, 0 - 10,000 psig (68.9 MPa)), accurate to ± 10 
psig (0.07 MPa) for pressures below 10,000 psig and an identical Viatran-calibrated pressure 
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transducer (Viatran Corporation, Model 245, 0 - 50,000 psig (345 MPa)), accurate to ± 50 psig 
(0.35 MPa), is used to measure pressures from 10,000 to 40,000 psig (275 MPa). Since the 
pressure transducer is on the water side of the piston and will be always used at room 
temperature during the experiment, the pressure calibration experiments are performed at room 
temperature. 
 
Table 7 and Table 8 show the results of pressure transducer calibration against the Heise 
pressure gauge up to 10,000 psig (68.0 MPa) and the Viatran-calibrated pressure transducer up to 
30,000 psig (~200 MPa). The readings from the pressure transducer used in the experiment, Pview 
cell, are in good agreement with the pressure readings from the Heise gauge, PHeise, and the 
readings from the Viatran-calibrated pressure transducer, PViatran, below 8,200 psig (56 MPa). 
Pview cell is always a little bit larger than PHeise and PViatran at pressures greater than 8,200 psig (57 
MPa). Therefore, the view cell pressure transducer readings are accurate up to 8,200 psig without 
any correction and when pressure is greater than 8,200 psig, a calibration equation is used. 
 
Table 7.  Comparison of the pressure measurements from the pressure transducer used in this 
study (Pview cell) against the measurements using the Heise pressure gauge (PHeise) and 
Viatran-calibrated pressure transducer (PViatran) at room temperature and pressures up 
to 10,000 psig (68 MPa). 
PHeise PViatran Pview cell ∆P1 = PHeise – Pview cell ∆P2 = PViatran – Pview cell ∆P1 – ∆P2 
(psig) (psig) (psig) (psig) (psig) (psig) 
500 495 490 10 5 5 
990 975 980 10 -5 15 
1480 1470 1470 10 0 10 
1980 1975 1970 10 5 5 
2470 2465 2460 10 5 5 
2990 2980 2980 10 0 10 
3500 3505 3500 0 5 -5 
4000 4005 4000 0 5 -5 
4500 4495 4500 0 -5 5 
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4970 4965 4970 0 -5 5 
6250 6240 6250 0 -10 10 
7200 7195 7210 -10 -15 5 
8188 8165 8200 -12 -35 23 
9275 9255 9300 -25 -45 20 
 
Table 8.  Comparison of the pressure measurements from the calibration of pressure transducer 
used in this study (Pview cell) against the measurements using the Viatran-calibrated 
pressure transducer (PViatran) at room temperature and pressures up to 30,000 psig 
(~200 MPa). 
PViatran Pview cell ∆P = PViatran – Pview cell 
(psig) (psig) (psig) 
770 760 10 
1635 1620 15 
2390 2380 10 
3285 3280 5 
4525 4520 5 
5850 5850 0 
7280 7290 -10 
9110 9160 -50 
10445 10500 -55 
12070 12140 -70 
13570 13650 -80 
14915 15020 -105 
16995 17120 -125 
19115 19270 -155 
20890 21070 -180 
23050 23270 -220 
24815 25070 -255 
26830 27120 -290 
29775 30130 -355 
 
Figure 7 compares the reading from the view cell pressure transducer with the Viatran-calibrated 
pressure transducer. According to the figure, at pressure greater than 8,200 psig (56 MPa), a 
pressure calibration equation is obtained as 
 
 (psig) 0.985 (psig) 123    for  > 8200 psigcorrect view cellP P P= • +  (38) 
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Since the view cell pressure transducer is within ±10 psig (0.07 MPa) of the Heise gauge when 
pressure is below 8,200 psig (55.8 MPa), the transducer is considered accurate to ±10 psig (0.07 
MPa) when pressure is below 8,200 psig and ±50 psig (0.34 MPa) for pressure from 8,200 to 
30,000 psig (206 MPa). Note that σslope and σintercept refer to the uncertainties of slope and 
intercept of the pressure calibration curve, respectively. The small value of the uncertainties of 
the slope indicates the accuracy of the slope of the calibration curve. σintercept is not taken 
seriously, since the calibration equation only works at pressure above 8,200 psig and will not be 
extended to the pressure of zero. The error bars are also plotted for readings from both the view 
cell pressure transducer and the Viatran-calibrated pressure transducer, but they are much 
smaller than the size of the data points and cannot be seen in the figure.  
 
Figure 7.  Calibration curve of the pressure transducer used in this study. σslope and σintercept are 
the uncertainties of the fit of curve to the calibration data. 
 
2.1.1.2. Thermocouple Calibration 
The type-K thermocouple, TType-K, is calibrated against a precision immersion thermometer, THg, 
(Fisher Scientific, 35 to 200°C, precise to 0.1°C, accurate to better than ± 0.10°C, recalibrated by 
ThermoFisher Scientific Company at four different temperatures using methods traceable to 
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NIST standards) using a temperature-controlled silicone oil bath (Dow Company, Syltherm 800, 
recommended for –20°C to 200°C) at atmosphere pressure. The results from the thermocouple 
calibration are shown in Table 9 and the equation of temperature correction, obtained from 
Figure 8, is 
 
( C) 0.992 ( C) 0.285correct type KT T −° = • ° −  (39) 
 
Table 9.  Comparison of the temperature measurements from the type-K thermocouple used in 
this study against the measurements of the calibrated immersion thermometer, THg, at 
atmosphere pressure. 
THg TType-K 
(°C) (°C) 
50.25 50.90 
101.20 102.10 
124.85 126.55 
150.10 151.30 
 
 
Figure 8.  Calibration curve of the type-K thermocouple used in this study. σslope and σintercept are 
the uncertainties of the fit of curve to the calibration data. 
 
Note that σslope and σintercept refer to the uncertainties of slope and intercept of the temperature 
calibration curve, respectively. The small value of the uncertainties of the slope indicates the 
accuracy of the slope of the calibration curve. σintercept is not taken seriously, since the calibration 
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equation only works at temperatures greater than 45 °C and will not be extended to the 
temperature of 0°C. The error bars are also plotted for readings from both the thermocouple and 
the calibrated thermometer, but they are much smaller than the size of the data points and cannot 
be seen in the figure.  
 
2.1.2. Calibration of Internal Cell Volume 
The internal cell volume is calibrated against the LVDT reading with pure n-decane (99.0% 
purity) at 50, 150 and 250°C. Before an experiment, ari in cell is removed by flushing three 
times with a gas at room temperature and a pressure of ~150 psig (1.0 MPa). The structure of the 
flushing gas is similar to the liquid solvent of interest. For example, Table 10 provides estimates 
of the amount of air and ethane that remains in the cell after each flushing at room temperature, 
where “charge” and “degas” refer to charging ethane into the cell and degassing it out of the cell 
for flushing. Since the pressure inside the cell is always below 150 psig, the ideal gas law is used 
to determine the total amount of air remaining in the cell. The air and ethane are assumed to be 
well mixed for each charging step, so the amount of air that remains in the cell for each 
degassing process can be obtained by multiplying the mass of the gas mixture after degassing by 
the weight percent of air in the total gas before degassing.  For the calculation shown in Table 
10, it is assumed that eight grams of a hydrocarbon is loaded into the cell. Hence, the weight 
percent of either air or ethane in the hydrocarbon can be calculated. The results in Table 10 show 
that after flushing with ethane three times, the air remaining in the cell is approximately a 2 ppm 
in the hydrocarbon and the weight percent of ethane is a 0.2 wt% in the hydrocarbon. These low 
amounts of air and ethane are not expected to have a significant influence on the reported density 
measurement.   
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Table 10. The amount of air and ethane remaining in the high-pressure view cell after each 
flushing with ethane at room temperature (294.9 K). Here it is assumed that eight 
grams of hydrocarbon liquid is loaded into the cell after the flushing is finished. 
 P Volume Total Gas Air wt% Air wt% Air wt% Ethane 
Step (psia) (ml) (Air + Ethane) (g) in Gas in in 
      (g)      Hydrocarbon  Hydrocarbon 
Initial 15 14.0 0.017 0.017 100.00 0.207 0 
1st Charge 145 15.6 0.183 0.017 9.05 0.202 2.03 
1st Degas 15 14.4 0.018 0.002 9.05 0.020 0.20 
2nd Charge 135 15.6 0.173 0.002 0.92 0.020 2.10 
2nd Degas 15 14.4 0.018 0.0002 0.92 0.002 0.22 
3rd Charge 135 15.6 0.174 0.0002 0.09 0.002 2.12 
3rd Degas 15 12.4 0.015 0.00001 0.09 0.0002 0.19 
 
A 10 mL syringe is used to load 7.0 to 9.0 ± 0.001 grams of n-decane through the top port of the 
cell. The exact mass of the loaded fluid is calculated by subtracting the mass of the syringe and 
n-decane before loading from the mass of the syringe and fluid after loading, both of which are 
weighed by a scale accurate to 0.0001 gram. The amount of air that enters the cell is ignored 
during this process. The temperature is increased and stabilized at around 50°C followed by 
increasing the pressure in the cell up to ~40,000 psig. The LVDT readings are recorded at around 
4,000 psig (27 MPa), 8,000 psig (54 MPa), 12,000 psig (82 MPa), 16,000 psig (109 MPa), 
20,000 psig (136 MPa), 25,000 psig (170 MPa), 30,000 psig (204 MPa), 35,000 psig (238 MPa) 
and 40,000 psig (275 MPa). The cell is maintained at each pressure (P) and temperature (T) for 
around 10 minutes to allow the temperature to stabilize so that the fluctuation of T is less than ± 
0.30°C. It should also be noted that the pressure is not increased monotonically, but it is changed 
randomly from low pressure to high pressure to avoid any systematic error. Therefore, the 
internal volume of the cell is determined by dividing the mass of the loaded n-decane by the 
density obtained from the NIST Chemistry Webbook [171] at a given temperature, pressure, and 
 60 
LVDT reading. The calibration is repeated with a new loading of n-decane at 150°C and 250°C 
to account for any temperature effects on the cell volume. All of the calibration experiments are 
performed with the stir bar in the cell. 
 
Figure 9 shows the view cell volume calibration results at 50, 150, and 250°C using n-decane as 
the working fluid. The n-decane densities at each temperature and pressure are obtained from the 
NIST Chemistry Webbook [171], which reports an uncertainty of 0.05% between 17 and 47°C, 
0.2% at temperatures to 127°C, somewhat higher uncertainties above 100 MPa, up to 0.5%, 1% 
in the liquid phase up to 500 MPa, and 2% at higher temperatures. 
 
 
Figure 9.  Calibration results for the cell internal volume used in this study at 50, 150, and 
250°C using n-decane as the reference fluid. σslope and σintercept are the uncertainties of 
the fit of curve to the calibration data. 
 
The calibration curve for the internal volume is 
 
Cell Internal Volume (ml) 0.0392 LVDT Reading 7.977= • +  (40) 
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Note that σslope and σintercept refer to the uncertainties of slope and intercept of the internal cell 
volume calibration curve, respectively. The small values of the uncertainties of the slope and 
intercept indicate the accuracy of the slope of the calibration curve. The error bars are also 
plotted, but they are much smaller than the size of the data points and cannot be seen in the 
figure.  
 
2.1.3. Density Determination 
The experimental procedure for measuring densities is similar to the technique used to calibrate 
the cell: flush the cell three times to remove the air inside it, load 7.0 to 9.0 ± 0.001 grams of the 
testing fluid, increase the pressure in stages to ~40,000 psig (275 MPa), and at each P and T 
record the LVDT reading. Since the relationship between the internal cell volume and the LVDT 
reading has been set by the previous calibration step, the density of the fluid loaded into the cell 
can be obtained by dividing the mass of the fluid by the cell internal volume at a given P and T. 
All the density measurements are taken with the stir bar in the cell and each density data point is 
obtained by randomly changing the system pressure instead of always increasing from low 
pressure to high pressure to avoid any potential systematic error. The cell is maintained at a 
given P and T for 10 minutes to ensure that the temperature variation is less than ± 0.2 K. Figure 
10 shows the temperature fluctuation with time after increasing the pressure from atmosphere 
pressure to 4,000 psig at around 150°C for n-pentane. These data show that 10 minutes is time 
enough for the stabilization of the temperature. Although waiting for a longer time is better for 
reducing the level of temperature fluctuation, operating at high temperatures for a long period of 
time may lead to the degradation of the o-rings. 
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Figure 10. Variation of the cell internal temperature after increasing the pressure from 
atmospheric pressure to 4,000 psig (28 MPa) at ~150 °C (423 K). 
 
2.1.4. Cloud-Point Curve Determination 
Phase equilibrium data are determined visually using the aforementioned high-pressure view 
cell. The internal volume of the cell is adjusted with a pressure generator that injects water 
behind the o-ring-sealed piston. The cell contents are viewed on a video monitor using a camera 
(Olympus Corporation, Model STC-N63CJ) connected to a borescope (Olympus Corporation, 
Model F100-024-000-55) placed against a sapphire window secured at one end of the cell. This 
apparatus allows for visual determination of any water leakage around the piston o-ring since 
water has a very small solubility in the hydrocarbons considered in this study. If water is 
detected, the apparatus is disassembled, cleaned, and reloaded. The temperature of the fluid 
inside the cell is held constant to within ± 0.2 K.  
 
For the solid-liquid phase transition determination for pure-component hydrocarbons, the 
temperature and pressure are adjusted initially until the hydrocarbon liquid phase in the cell is 
clear. The pressure is then isothermally increased and held constant for approximately 10 
minutes. If the liquid remains clear, the pressure is increased until it becomes opaque and solid 
crystals are observed. The pressure is then decreased to obtain a clear liquid phase. This process 
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is repeated until the interval between a clear phase and one where the solution becomes slightly 
opaque and contains solid crystals is less than 0.34 MPa. This procedure is repeated at a new 
temperature to determine the new solidification pressure. 
 
For the liquid-liquid phase transition determination for polymer-SCF mixtures, the mixture is 
isothermally compressed to a single phase and the pressure is then decreased incrementally and 
held constant for approximately 10 minutes. If the mixture remains clear, the pressure is 
decreased until it begins to get hazy (Phazy). The pressure is further decreased, stepwise, until the 
mixture becomes so opaque that the piston in the cell cannot be seen (Popaque). The cloud-point 
pressure is reported as the midpoint between Phazy and Popaque. 
 
2.1.5. Error Analysis 
In this PhD study, the standard uncertainties of pressures and temperatures are σT = 0.20 K and 
σP = 0.07 MPa. The experimental uncertainty of densities is estimated in Equation (41), given 
that the density, ρ, equals to the mass, m, divided by the volume, V. 
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where σρ, σm, and σV are the uncertainties of density, mass, and volume, respectively. σm can be 
obtained directly from the weighing scale, which is 0.0001. σV can be calculated based on the 
aforementioned internal calibration equation of internal cell volume against the LVDT reading, 
T.R., given as 
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where I is the intercept and S is the slope of the volume calibration equation. Correspondingly, 
σintercept, σslope, and σT.R. are the uncertainties of intercept, slope, and LVDT reading. σintercept and 
σslope can be calculated from the linear fitting of V against T.R., which are 0.0345 and 0.0004, 
respectively. σT.R. can be directly obtained from the company specification of the LVDT used in 
this study, which is 0.0025. Therefore, the estimated accumulated (combined) experimental 
uncertainty is σρ = 0.75% • ρ with the final equation 
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2.2. High-Pressure Fractionation Apparatus and Technique 
The second experimental part of this PhD study investigates the density and phase behavior of a 
star polymer system. Unlike small molecules with a fixed molecular weight, polymers have a 
molecular weight distribution, which is characterized by a polydispersity index (PDI) that is the 
weight average molecular weight divided by the number average molecular weight, Mw/Mn. A 
large PDI can have a significant effect on the solution phase behavior and it can mask some of 
the features of the phase diagram. Therefore, a supercritical fluid (SCF) solvent is used at high 
pressures to extract any residual solvent or unreacted monomer from the polymer of interest and 
to create polymer fractions with low PDI values. The density and solvent power of the SCF is 
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adjusted by isothermally increasing the pressure in stages. Figure 11 shows a schematic diagram 
of the dynamic flow apparatus used in this study. Typically 10 to 20 grams of polymer-solvent 
sample are charged to a column containing stainless steel packing. CO2 or propane is delivered to 
a double-ended diaphram compressor (Newport Scientific Inc., Model 46-13421-2), pressurized 
to ~68 MPa, and charged to a surge tank. The fluid is throttled through an in-line pressure 
regulator to obtain a desired operating pressure, it flows through a preheat column to reach the 
desired temperature, and then it flows into the polymer column.  The pressure is maintained to 
within ± 0.5 MPa and the temperature is maintained to within ± 1.0 K. At each pressure level the 
supercritical fluid (SCF) solvent extracts a portion of the parent material. The SCF solvent, 
loaded with extract, exits the polymer column and is throttled to atmospheric pressure, which 
causes the extract to precipitate into a preweighted side-arm beaker. The gas is then sent to a dry 
test meter to monitor the total volume of gas flowing through the system. 
 
Figure 11. Schematic diagram of high-pressure fractionation system used in this study. 
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Chapter 3 Solution Behavior and Modeling: Low Molecular Weight Compounds 
 
3.1. High-Pressure Densities 
3.1.1. Experimental Results 
3.1.1.1. Density Data for Long-Chain n-Alkanes 
Density data of n-pentane, n-octane, 2,2,4-trimethylpentane, n-decane, cyclooctane, and toluene 
have been reported in my master thesis [96] and therefore will not be listed in this PhD 
dissertation. Table 11 through Table 13 list the density data obtained in this study for n-
hexadecane, n-octadecane, and n-eicosane, respectively, at pressures to ~265 MPa and 
temperatures to 523.15 K. Note that a liquid-solid phase boundary, termed “solid” in the data 
tables, is crossed for n-hexadecane, n-octadecane, and n-eicosane. 
 
Table 11. Density data of n-hexadecane at 323.7, 422.9 and 522.6 K obtained in this study.  
P Density P Density P Density 
(MPa) (kg/m3) (MPa) (kg/m3) (MPa) (kg/m3) 
           323.7  ± 0.1 K 422.9  ± 0.1 K                  522.6  ± 0.2 K 
      
14.9 758   14.1 700    15.1 643 
27.9 769   27.9 713    27.1 660 
41.5 779   41.2 724    42.0 675 
55.5 787   55.5 734    55.4 687 
69.4 792   69.8 743    69.1 698 
81.3 799   82.8 750    82.1 707 
109.7 807  108.8 765  107.9 723 
Solid   136.9 778  135.8 738 
   170.7 792  170.1 755 
   204.3 804  203.3 769 
   236.5 815  235.8 782 
   262.3 823  255.0 788 
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Table 12. Density data of n-octadecane at 324.3, 422.8 and 522.6 K obtained in this study.  
P Density P Density P Density 
(MPa) (kg/m3) (MPa) (kg/m3) (MPa) (kg/m3) 
    324.3  ± 0.1 K 422.8  ± 0.2 K                    522.6  ± 0.1 K 
   
7.0 764 7.7 702 15.3 651 
 14.4 769 15.1 711 29.4 668 
28.3 778 29.4 724 43.2 681 
42.2 788 42.5 732 56.4 692 
55.6 797 56.1 741 70.8 703 
68.9 800 73.2 752 84.4 712 
Solid 84.5 761 110.0 727 
  110.0 774 137.8 742 
  138.5 787 170.4 757 
  171.7 801 205.3 771 
  206.1 813 235.7 782 
  235.5 823 257.0 790 
  255.9 829   
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Table 13. Density data of n-eicosane at 323.6, 422.8 and 521.3 K obtained in this study.  
P Density P Density P Density 
(MPa) (kg/m3) (MPa) (kg/m3) (MPa) (kg/m3) 
 323.6  ± 0.1 K 422.8  ± 0.2 K                   521.3  ± 0.1 K 
      
7.3 771 7.4 711 16.4 661 
14.9 777 14.3 719 28.3 676 
21.4 784 20.6 723 41.9 691 
27.4 787 27.9 730 55.5 706 
34.2 789 34.6 735 69.6 719 
Solid 54.2 748 82.5 727 
  81.6 765 109.2 744 
  109.2 781 138.2 763 
  136.1 792 173.1 777 
  169.5 806 204.7 791 
  203.1 818 239.8 805 
  235.5 829 258.0 810 
  260.0 837   
 
3.1.1.2. Density Data for Cyclic Hydrocarbons 
Experimental density data are listed in Table 14 through Table 18 for methylcyclohexane 
(methylcC6), ethylcyclohexane (ethylcC6), cis-1,2-dimethylcyclohexane (cis-1,2), cis-1,4-
dimethylcyclohexane (cis-1,4), and trans-1,4-dimethylcyclohexane (trans-1,4) at temperatures to 
525 K and pressures to 277 MPa, respectively. Note that a liquid-solid phase transition, termed 
“solid” in the data tables, is observed for cis-1,2 and trans-1,4 at 294.9 K at high pressures. A 
detailed description of the solidification behavior for the cyclic hydrocarbons is described 
elsewhere [49]. 
 
Table 14. MethylcC6 density data obtained in this study at 294.7, 324.6, 423.4, and 522.5 K to 
pressure, P, of 277 MPa.  The variation in the experimental temperatures was ± 0.1 K 
for all of the isotherms reported here. 
P Density   P Density   P Density   P Density 
(MPa) (kg/m3)   (MPa) (kg/m3)   (MPa) (kg/m3)   (MPa) (kg/m3) 
294.7 ± 0.1 K   324.6  ± 0.1 K   423.4  ± 0.1 K   522.5  ± 0.1 K 
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           3.8 771  3.6 744  3.7 658  12.2 570 
8.0 775  7.2 748  7.7 668  12.1 570 
16.6 782  14.5 755  10.9 674  17.7 587 
22.2 786  17.5 758  15.0 681  17.7 587 
28.6 790  22.2 762  18.0 685  30.8 617 
36.1 795  28.4 766  21.3 689  31.0 617 
43.9 799  35.4 771  28.7 699  30.0 618 
51.1 804  42.5 776  35.3 707  38.5 631 
57.2 807  50.9 781  42.3 715  38.5 631 
70.8 814  57.0 785  56.0 727  38.3 631 
85.2 821  71.0 794  71.2 741  38.4 631 
108.0 831  82.6 802  85.5 752  55.7 656 
127.4 839  104.6 813  106.2 766  55.6 656 
143.5 846  127.4 822  140.3 785  69.2 671 
174.4 858  144.7 830  173.2 801  69.2 671 
208.8 871  172.8 842  208.9 817  91.2 692 
248.3 882  209.7 855  245.5 832  90.7 692 
   
249.3 869  263.1 838  114.7 711 
         
113.6 711 
         
144.6 732 
         
178.6 754 
         
209.3 769 
         
208.7 769 
         
247.5 787 
         
247.8 787 
         
276.5 799 
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Table 15. EthylcC6 density data obtained in this study at 294.9, 324.3, 423.0, and 525.4 K to 
pressure, P, of 264 MPa.  The variation in the experimental temperatures was ± 0.1 K 
for all of the isotherms reported here. 
P Density   P Density   P Density   P Density 
(MPa) (kg/m3)   (MPa) (kg/m3)   (MPa) (kg/m3)   (MPa) (kg/m3) 
294.9 ± 0.1 K   324.3 ± 0.1 K   423.0 ± 0.1 K   525.4 ± 0.1 K 
           4.7 795  4.0 770  3.8 687  7.5 585 
7.7 797  7.7 774  8.0 696  7.7 585 
11.2 800  11.1 777  11.1 700  13.4 606 
15.0 802  15.2 780  14.7 705  20.3 624 
21.6 807  17.8 782  21.2 714  20.4 624 
28.6 811  22.3 786  28.5 722  30.0 643 
35.5 815  29.1 791  35.7 730  40.8 661 
42.6 819  35.4 795  43.0 736  40.8 661 
56.2 827  43.4 800  57.7 749  50.5 674 
70.8 834  49.4 804  69.7 760  50.9 674 
84.2 840  56.5 808  83.7 769  69.9 695 
104.5 849  70.8 816  105.6 783  85.9 710 
126.7 859  83.9 823  126.9 795  100.2 722 
139.1 864  105.5 834  142.0 802  119.4 735 
172.1 877  126.2 844  173.4 817  145.3 752 
208.7 890  141.2 850  211.0 833  168.9 765 
239.2 901  172.7 862  240.4 845  194.3 776 
263.5 908 
 
209.2 876  262.1 853  227.6 791 
   
250.4 891 
    
258.7 805 
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Table 16. cis-1,2 density data obtained in this study at 294.9, 325.5, 423.4, and 524.6 K to 
pressure, P, of 262 MPa.  The variation in the experimental temperatures was ± 0.1 K 
for all of the isotherms reported here. 
P Density   P Density   P Density   P Density 
(MPa) (kg/m3)   (MPa) (kg/m3)   (MPa) (kg/m3)   (MPa) (kg/m3) 
294.9 ± 0.1 K   325.5 ± 0.1 K   423.4 ± 0.1 K   524.6 ± 0.1 K 
           4.8 802  3.6 779  4.1 697  11.3 606 
7.9 806  7.8 783  7.5 704  17.7 625 
11.8 809  11.9 786  10.8 709  24.7 642 
14.9 811  14.5 788  14.4 714  24.8 642 
17.7 813  18.0 791  18.1 718  31.9 655 
22.0 816  21.5 794  21.8 723  43.0 673 
28.6 820  28.7 799  28.0 730  43.2 673 
36.3 825  35.0 804  35.3 738  51.0 683 
43.4 829  41.9 809  42.7 745  50.7 683 
49.5 832  56.0 817  56.2 757  70.7 706 
55.9 836  70.3 826  70.2 768  86.3 720 
70.7 844  83.7 832  83.7 778  100.4 732 
84.4 850  105.4 843  105.6 792  122.8 748 
105.2 860  124.7 852  125.8 804  143.6 761 
125.7 868  140.9 859  145.5 814  167.0 774 
143.8 876  175.4 873  175.7 828  197.4 788 
178.9 890  215.2 888  212.6 844  200.5 790 
194.8 896 
 
249.0 900  240.3 855  224.7 801 
Solid 
 
  
 
262.1 863 
 
261.4 815 
                      
  
 72 
Table 17. cis-1,4 density data obtained in this study at 296.6, 325.7, 424.4, and 523.5 K to 
pressure, P, of 264 MPa.  The variation in the experimental temperatures was ± 0.1 K 
for all of the isotherms reported here. 
P Density   P Density   P Density   P Density 
(MPa) (kg/m3)   (MPa) (kg/m3)   (MPa) (kg/m3)   (MPa) (kg/m3) 
296.6 ± 0.1 K   325.7 ± 0.1 K   424.4 ± 0.1 K   523.5 ± 0.1 K 
           4.2 785  3.6 760  3.8 665  8.7 585 
7.7 788  7.0 764  7.2 672  12.5 599 
10.6 791  10.6 767  10.7 678  17.8 615 
14.3 794  14.4 771  14.2 683  25.5 632 
17.3 797  17.7 774  18.1 689  29.7 640 
20.8 799  21.3 776  21.6 693  32.4 645 
28.3 803  28.0 781  27.7 700  39.5 656 
35.0 808  34.6 786  35.4 709  39.8 656 
41.9 812  41.5 791  42.2 716  42.2 660 
49.3 815  49.0 795  49.1 723  51.8 672 
56.2 820  55.4 799  56.3 729  51.8 672 
69.4 826  69.7 807  71.0 741  64.9 687 
82.8 832  83.3 814  84.6 750  83.7 706 
104.0 842  104.0 824  104.5 763  109.1 726 
124.7 849  123.8 832  125.6 774  129.4 740 
139.6 855  138.9 839  139.7 781  151.7 754 
153.9 861  152.2 844  153.9 788  181.3 771 
173.4 867 
 
173.3 852  174.1 798  208.1 785 
207.0 880 
 
208.1 865 
 
207.8 813 
 
237.1 799 
238.8 890 
 
239.2 876 
 
241.2 827 
 
262.1 809 
264.2 897 
 
262.2 883 
 
263.3 835 
  
 
                      
  
 73 
Table 18. trans-1,4 density data obtained in this study at 294.9, 324.4, 425.0, and 521.1 K to 
pressure, P, of 264 MPa.  The variation in the experimental temperatures was ± 0.1 K 
for all of the isotherms reported here. 
P Density   P Density   P Density   P Density 
(MPa) (kg/m3)   (MPa) (kg/m3)   (MPa) (kg/m3)   (MPa) (kg/m3) 
294.9 ± 0.1 K   324.4 ± 0.1 K   425.0 ± 0.1 K   521.1 ± 0.1 K 
           3.6 759  4.0 737  4.1 652  6.1 546 
7.6 764  7.2 741  7.4 658  8.8 556 
10.7 768  11.0 746  10.6 663  10.8 567 
14.8 771  14.8 749  14.2 669  11.4 567 
17.8 774  17.7 752  17.5 674  18.8 590 
21.2 776  21.2 754  20.9 679  29.7 613 
27.6 781  27.9 759  28.1 687  29.8 613 
35.4 785  34.9 764  35.0 695  40.0 629 
43.0 790  41.7 769  41.8 703  39.8 629 
49.4 794  49.0 774  48.8 710  49.4 644 
55.4 797  55.5 778  55.6 716  49.8 644 
69.3 804  69.8 786  69.5 728  60.7 658 
83.9 811  83.5 793  83.2 738  72.8 671 
104.2 820  103.9 803  104.0 752  85.9 683 
125.4 829  124.3 812  125.1 764  103.6 699 
139.6 834  139.0 818  140.0 771  123.4 714 
153.5 839  153.2 824  153.3 778  145.0 729 
Solid 
 
173.0 832  173.5 788  169.0 743 
  
 
206.7 845 
 
207.5 802 
 
194.5 757 
  
 
239.8 857 
 
240.7 816 
 
227.3 774 
  
 
260.5 863 
 
264.1 825 
 
250.2 782 
                      
 
3.1.1.3. Density Data for Aromatic Hydrocarbons 
Table 19 through Table 22 list the density data for o-xylene, m-xylene, p-xylene, and 2-
methylnaphthalene obtained in this study at pressures to ~265 MPa and temperatures to ~525 K. 
Given that 2-methylnaphthalene is a solid at room temperature, liquid densities of 2-
methylnaphthalene are reported staring at ~325 K, while the densities of o-xylene, m-xylene, and 
p-xylene are reported starting at ~293 K. Note that a liquid-solid phase boundary, termed “solid” 
 74 
in the data tables, is crossed for o-xylene, p-xylene, and 2-methylnaphthalene. Details are found 
elsewhere on the high-pressure solidification behavior for these aromatic hydrocarbons [96]. 
 
Table 19. o-Xylene density data obtained in this study at 294.9, 325.0, 423.9, and 523.2 K and 
pressures to 265 MPa. The designation “solidification” signifies a liquid-solid phase 
transition. 
P Density   P Density   P Density   P Density 
(MPa) (kg/m3)   (MPa) (kg/m3)   (MPa) (kg/m3)   (MPa) (kg/m3) 
294.9 ± 0.1 K   325.0 ± 0.1 K   423.9 ± 0.1 K   523.2 ± 0.1 K 
           4.0 882  3.6 853  4.1 768  6.5 665 
7.5 886  7.1 857  7.2 773  9.2 676 
10.5 888  10.3 860  10.6 778  12.8 684 
14.3 891  14.4 864  14.1 782  12.8 685 
21.2 895  17.6 866  17.7 786  20.2 702 
28.3 900  21.2 869  21.0 789  27.9 718 
35.8 904  27.5 873  28.0 796  28.4 718 
42.6 907  34.9 878  35.1 803  35.1 730 
49.5 911  41.6 883  41.9 809  35.7 730 
56.5 915  48.8 886  48.8 815  44.6 744 
69.6 921  55.6 891  55.6 821  45.6 744 
83.2 928  68.7 898  69.6 831  54.7 757 
103.8 936  82.9 905  82.9 841  69.1 773 
124.2 944  103.5 915  103.9 854  88.8 791 
138.9 950  124.9 924  124.3 866  114.6 811 
152.4 955  138.9 930  138.9 874  144.4 831 
172.6 961  154.5 936  153.3 881  178.0 850 
204.1 972 
 
172.9 943  172.9 891  204.6 864 
Solid 
 
208.4 955 
 
207.7 906 
 
233.5 853 
  
 
240.3 966 
 
240.2 921 
 
262.0 886 
   
263.2 975 
 
265.4 931 
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Table 20. m-Xylene density data obtained in this study at 295.7, 325.4, 422.4, and 522.9 K and 
pressures to 269 MPa. 
P Density   P Density   P Density   P Density 
(MPa) (kg/m3)   (MPa) (kg/m3)   (MPa) (kg/m3)   (MPa) (kg/m3) 
295.7 ± 0.1 K   325.4 ± 0.1 K   422.4 ± 0.1 K   522.9 ± 0.1 K 
           3.8 864  4.4 838  3.9 751  9.7 659 
7.7 868  7.6 843  7.2 757  12.5 665 
10.5 869  10.4 845  10.9 762  12.8 665 
14.0 872  15.3 849  14.4 767  20.4 684 
17.5 875  21.3 854  17.4 770  28.4 701 
21.4 877  24.3 855  21.8 775  28.5 701 
28.3 881  29.5 859  27.8 782  30.2 704 
34.8 885  35.0 863  35.1 789  38.8 718 
43.3 890  42.3 867  41.5 795  39.4 718 
55.6 896  49.4 873  48.2 801  49.9 734 
70.3 903  56.5 877  56.1 808  49.9 734 
84.7 910  70.9 884  71.0 820  51.1 734 
103.7 919  84.2 891  86.6 831  66.7 753 
123.9 927  104.7 902  104.7 842  79.1 765 
139.6 933  125.2 909  125.2 855  79.4 765 
154.0 938  140.2 916  139.8 863  99.7 782 
173.8 945  156.5 922  154.0 870  118.7 797 
209.6 957 
 
174.8 928  174.0 880  118.8 797 
242.9 968 
 
210.2 941 
 
210.0 896 
 
139.4 811 
265.1 975 
 
241.4 951 
 
241.3 909 
 
139.7 811 
   
268.9 959 
 
264.3 919 
 
164.7 826 
         
166.7 827 
         
191.4 839 
         
230.0 855 
         
262.7 868 
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Table 21. p-Xylene density data obtained in this study at 295.0, 325.7, 423.3, and 523.0 K and 
pressures to 265 MPa. The designation “solidification” signifies a liquid-solid phase 
transition. 
P Density   P Density   P Density   P Density 
(MPa) (kg/m3)   (MPa) (kg/m3)   (MPa) (kg/m3)   (MPa) (kg/m3) 
295.0 ± 0.1 K   325.7 ± 0.1 K   423.3 ± 0.1 K   523.0 ± 0.1 K 
           3.8 858  4.0 833  3.9 749  7.8 643 
7.3 863  7.2 837  7.2 753  8.1 645 
11.1 866  10.6 840  10.6 759  14.0 665 
15.1 869  14.3 843  14.3 763  14.6 665 
18.0 871  17.6 846  17.3 767  19.7 679 
20.8 873  21.3 849  21.2 772  19.8 679 
24.3 875  28.0 854  27.8 779  27.5 695 
Solid  34.5 858  34.8 786  36.0 709 
   42.2 863  42.2 793  36.2 709 
   49.1 867  49.2 800  36.4 709 
   55.5 871  55.6 806  47.3 725 
   61.8 876  69.2 816  48.1 725 
   69.9 880  83.3 826  55.4 735 
   83.1 887  103.4 840  55.8 735 
   94.0 893  124.1 854  57.0 735 
   104.1 898  138.6 861  70.1 751 
   117.2 905  154.7 870  88.6 768 
  
 
Solid  173.4 878  89.2 767 
   
  
 
208.8 895 
 
106.4 782 
      
240.9 908 
 
125.5 796 
      
264.5 918 
 
126.0 797 
         
152.3 814 
         
181.3 828 
         
210.1 843 
         
252.9 860 
                      
 
  
 77 
Table 22. 2-Methylnaphthalene density data obtained in this study at 326.7, 376.8, 421.3, and 
523.8 K and pressures to 265 MPa. The designation “solidification” signifies a liquid-
solid phase transition.  
P Density   P Density   P Density   P Density 
(MPa) (kg/m3)   (MPa) (kg/m3)   (MPa) (kg/m3)   (MPa) (kg/m3) 
326.7 ± 0.1 K   376.8 ± 0.1 K   421.3 ± 0.1 K   523.8 ± 0.1 K 
           3.6 979  4.1 944  4.1 909  5.6 814 
7.4 982  7.4 946  7.3 912  9.7 820 
10.6 984  10.5 949  10.7 915  9.4 820 
14.5 987  14.0 953  14.3 918  16.9 831 
17.2 990  17.7 955  18.2 922  16.0 831 
21.2 992  21.3 958  21.3 924  15.5 831 
28.2 996  27.9 962  27.8 930  19.9 836 
34.8 1000  35.0 967  35.1 935  25.1 843 
42.1 1004  42.3 972  42.2 941  31.3 850 
49.4 1009  49.2 977  49.0 946  34.9 854 
55.9 1013  56.0 981  55.5 951  42.6 862 
62.2 1016  69.5 989  69.0 960  42.9 862 
69.3 1020  83.3 997  83.5 969  54.4 873 
Solid  104.6 1009  104.1 980  61.2 880 
   123.9 1018  124.5 992  63.5 882 
   138.8 1025  139.3 999  80.3 895 
   152.0 1031  153.6 1006  80.3 895 
  
 
173.6 1041  174.4 1016  98.7 909 
  
 
207.5 1055 
 
208.5 1032 
 
110.9 917 
  
 
240.1 1066 
 
239.4 1044 
 
123.0 925 
   
265.2 1076 
 
262.9 1054 
 
123.3 925 
         
145.8 938 
         
170.1 952 
         
170.0 952 
         
196.5 965 
         
225.0 978 
         
260.2 994 
                      
 
3.1.2. Comparisons with Available Literature Data 
3.1.2.1. Data Comparison for Long-Chain n-Alkanes 
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The density data are fit to the modified Tait equation, Equation (44), to provide a facile method 
to calculate densities at conditions other than those experimentally investigated in this study. 
 
ρ − ρ0
ρ
=C log10
P +B
P0 +B  (44) 
 
where P0 = 0.1 MPa, ρ0 is the density at P0, and B and C are parameters determined from a fit of 
available data. For organic liquids, C is a temperature-independent constant while B decreases as 
the temperature increases [172]. The following equations are used to determine the values of ρ0 
and B at a given temperature: 
 
2
0
i
i
i
a Tρ =∑  (45) 
2
i
i
i
B bT=∑  (46) 
 
where ai and bi are coefficients. Table 23 lists the values of the parameters obtained from the 
best fit of the modified Tait equation to the n-hexadecane, n-octadecane, and n-eicosane obtained 
in this study. The MAPD shown in Table 23 now refers to the mean absolute percent deviation 
of the experimental densities reported in this study, ρi, exp, from values calculated with the 
modified Tait equation, ρi,corr, 
 
 
MAPD = 1
n
ρi,exp − ρi,corr
ρi,corr
×100%
i=1
n
∑  (47) 
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The MAPD of the fit of the modified Tait equation to the experimental density data is less than ± 
0.15%, which is lower than the estimated expanded uncertainty (k = 2), ± 0.75%, of the 
experimental data. 
 
Table 23. Parameters for the best fit of the modified Tait Equation for n-hexadecane, n-
octadecane, and n-eicosane data obtained in this study. 
        
Coefficients  n-Hexadecane n-Octadecane n-Eicosane 
        
a0 (kg m-3) 950.9 1010.1 918.4 
a1 (kg m-3 K-1) -0.5398 -0.8059 -0.3133 
a2 ×103 (kg m-3 K-2) -0.228 0.125 -0.469 
b0 (MPa) 374.1 456.6 298.9 
b1 (MPa K-1) -1.191 -1.596 -0.788 
b2 ×103 (MPa K-2) 0.990 1.479 0.500 
C 0.210 0.206 0.217 
n 31 31 30 
MAPD (%) 0.14 0.07 0.04 
 
For comparison with literature density data, the MAPD here is defined as 
 
 
MAPD = 1
n
ρi,lit − ρi,corr
ρi,lit
×100%
i=1
n
∑  (48) 
 
where ρi,lit, and ρi,corr are the density reported in the literature, and the density calculated with the 
modified Tait equation, respectively. For example, the MAPD value is determined for data from 
the present study compared to data of Outcalt, et al. [20] since, to the best of our knowledge, 
these n-hexadecane density data are recognized as being highly accurate. Note the data reported 
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here have an MAPD value of 0.02%, which indicates excellent agreement with the data of 
Outcalt et al. [20]. Likewise, the MAPD value of 0.11% for the n-octadecane data indicates that 
the data reported here are in very good agreement with the data of Caudwell et al. [15], which is 
also a source recognized as being highly accurate. Two MAPD values for n-eicosane are 
reported: 0.03% determined for the data of Dutour et al. [66] and 0.15% determined for the data 
of Doolittle [65]. All of the MAPD values for these three long-chain hydrocarbons are well 
within the calculated estimate of the expanded uncertainty (k = 2) of ± 0.75% for the data in the 
present study. 
 
Figure 12 through Figure 14 show the percent deviation of available literature data from the 
densities for n-hexadecane, n-octadecane, and n-eicosane data calculated with the modified Tait 
equation fit to the data obtained in this study. The percent deviation for all three hydrocarbons 
relative to literature data varies uniformly around the zero baseline for all temperatures and 
pressures available for comparison, suggesting no systematic error for the densities obtained in 
this study. The percent deviation of all the data is within ± 0.40% in density, which is less than 
the calculated estimate of the expanded uncertainty (k = 2) of ± 0.75% for the data in the present 
study. It should be noted that Figure 12 through Figure 14 compare most, but not all, of the 
available literature data. Several literature studies cover a very limited range of pressure 
[18,56,63,67] and, therefore, three n-hexadecane data sets [18,56,63] and one n-eicosane data set 
[67] are not shown in Figure 12 through Figure 14, respectively. The n-octadecane data of 
Cutler et al. [34] are also not shown in Figure 13 since the absolute percent deviation in this 
instance is as high as 0.85%. The reasons for this large difference are not apparent, especially 
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given that the present data are within ± 0.20% of the n-octadecane data of Caudwell et al. [15] 
and Dutour et al. [64]. 
 
 
Figure 12. Percent deviation of n-hexadecane densities obtained in this study, ρi, corr, from the 
literature data, ρi, lit, of Amorim et al. [17] (○), Chang et al. [61] (□), Dymond et al. 
[36] (∆), Gouel [62] (∇), Outcalt et al. [20] (●), Snyder et al. [35] (♦), Tanaka et al. 
[59] (◊). 
 
 
Figure 13. Percent deviation of n-octadecane densities obtained in this study, ρi, corr, from the 
literature data, ρi, lit, of Caudwell et al. [15] (●) and Dutour et al. [64] (○).  
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Figure 14. Percent deviation of n-eicosane densities obtained in this study, ρi, corr, from the 
literature data, ρi, lit, of Doolittle [65] (●) and Dutour et al. [66] (○). 
 
3.1.2.2. Data comparison for cyclic hydrocarbons 
The density data for methylcC6, ethylcC6, cis-1,2, cis-1,4, and trans-1,4 are fitted to the 
modified Tait equation, Equation (44). The fitted coefficients, ai and bi, are listed in Table 24. 
The calculated ambient-pressure density using Equation (45) is within ± 0.3% of reported 
literature values [71,91,173-175]. Note that at high temperatures, such as 525 K, ρ0 for the cyclic 
hydrocarbons is a “pseudo” liquid density since P0 is not precisely equal to 0.1 MPa. In Table 
24, the MAPD refers to the mean absolute percent deviation between experimental data obtained 
in this study,  ρi,exp, and calculated values with the modified Tait equation, ρi,corr, for n data 
points, shown in Equation (47). The largest MAPD, 0.29%, is less than the estimated, expanded 
uncertainty (k = 2), ± 0.75%, of the experimental data. 
 
Table 24. Coefficients, number of data points (n), and mean absolute percent deviation (MAPD) 
for the best fit of the modified Tait equation to methylcC6, ethylcC6, cis-1,2, cis-1,4, 
and trans-1,4 density data.  
            
Coefficients  methylcC6 ethylcC6 cis-1,2 cis-1,4 trans-1,4 
            
a0 (kg m-3) 915.6 885.0 903.5 975.9 846.8 
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a1 (kg m-3 K-1) -0.182 0.058 0.001 -0.427 0.147 
a2 ×103 (kg m-3 K-2) -1.077 -1.296 -1.199 -0.753 -1.496 
b0 (MPa) 381.3 338.3 355.3 342.0 399.4 
b1 (MPa K-1) -1.393 -1.149 -1.178 -1.156 -1.428 
b2 ×103 (MPa K-2) 1.294 0.993 0.996 0.986 1.295 
C 0.210 0.206 0.217 0.208 0.217 
n 79 74 74 84 80 
MAPD (%) 0.30 0.17 0.14 0.14 0.17 
 
Only the densities of methylcC6 obtained in this study are compared with sufficient literature 
data given the lack of high-pressure density data available for ethylcC6, cis-1,2, cis-1,4, and 
trans-1,4. The MAPD here is defined as the mean absolute percent deviation between 
experimental data obtained in this study correlated to the modified Tait equation,  ρi,corr, and the 
literature data, ρi,lit, for n data points, shown in Equation (48). 
 
The MAPD is less than 0.4% in the temperature and pressure range determined in this study 
except for the data of Bridgman [32] where the MAPD is as high as 0.8%. However, Bridgman 
did not use a temperature control system [32] to precisely maintain 298 K, making any 
comparison problematic. In another study Bridgman [33] reported data at 348 K with 
temperature control, but the pressures are outside the range determined in the present study. 
Figure 15 shows the percent deviation between available methylcC6 data and the densities 
calculated with the modified Tait equation. The percent deviation of all the data fall within ± 
0.6%, which is smaller than the estimated expanded uncertainty of the data reported in the 
present study, and the percent deviation scatters around the zero baseline in the pressure and 
temperature ranges available for comparison. It should be noted that the data of Bridgman 
[32,33] are not included nor are any atmospheric density data shown in this figure [91,173-175].  
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Figure 15. Percent deviation between the data obtained in this study ρi,corr, and literature data, 
ρi,lit, of Baylaucq et al. [68] (○), Brazier and Freeman [69] (♦), Gouel [62] (∆), Jonas 
et al. [70] (●), Et-Tahir et al. [19] (◊), Takagi et al. [72] (□), Zeberg-Mikkelsen, et al. 
[73,74] (∇), and Laesecke et al. [71] (▲). 
 
3.1.2.3. Data Comparison for Aromatic Hydrocarbons 
The density data for o-xylene, m-xylene, p-xylene, and 2-methylnaphthalene are fitted to the 
modified Tait equation, Equation (44). The fitted coefficients, ai and bi, are listed in Table 25. 
The largest MAPD between experimental data obtained in this study,  ρi,exp, and calculated values 
with the modified Tait equation, ρi,corr, is 0.30%, smaller than the estimated expanded 
uncertainty (k = 2), ±0.75%, of the experimental data.  Calculated values of ρ0 agree with 
ambient-pressure density data reported in the literature [19,81-83,89-94] to within ±0.10%. 
 
Table 25. Coefficients, number of data points (n), and mean absolute percent deviation (MAPD) 
for the best fit of the modified Tait equation for o-xylene, m-xylene, p-xylene, and 2-
methylnaphthalene (2-MNP) density data.  
          
Coefficient  o-Xylene m-Xylene p-Xylene 2-MNP 
          
a0 (kg m-3) 1051.1 1029.6 1029.4 1197.8 
a1 (kg m-3 K-1) -0.370 -0.319 -0.334 -0.576 
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a2 ×104 (kg m-3 K-2) -7.337 -8.386 -8.242 -2.719 
b0 (MPa) 438.2 401.6 460.9 676.9 
b1 (MPa K-1) -1.443 -1.331 -1.597 -2.397 
b2 ×103 (MPa K-2) 1.225 1.128 1.425 2.300 
C 0.219 0.210 0.218 0.211 
n 80 87 70 82 
MAPD (%) 0.27 0.17 0.19 0.30 
 
Figure 16 through Figure 19 show the percent deviation between available literature data and 
the densities calculated with the modified Tait equation fit to the data obtained in this study. 
Note the maximum temperature in these figures is 370 K except for the case of m-xylene since 
Caudwell et al. [81] reported m-xylene density data to 473 K.  Figure 16 through Figure 19 also 
do not include density data reported at atmospheric pressure [90-94] or data that cover a very 
limited pressure range [76,80,88]. The largest percent deviation is less than 0.40% for all of the 
aromatics considered in this study, except for the deviation with the work of Skinner et al. [77] 
(not shown in the figures) who reported density data for o-xylene at 303.15 K and pressures to 
200 MPa and p-xylene at the same temperature and pressures to 70 MPa. The percent deviation 
with the data reported by Skinner et al. [77] reaches a maximum of 0.80% for o-xylene and 
1.20% for p-xylene. The reasons for these larger deviations are not readily apparent, especially 
given that the present data agree with o-xylene data from Taravillo et al. [79] and the p-xylene 
data from Castro et al. [87] to within ±0.2% and both groups reported experimental uncertainties 
within ±0.1%. Further, an inconsistency is noted for the p-xylene data of Takagi et al. [84], who 
reported a density of 890.4 kg/m3 at 303.2 K and 40 MPa and an even smaller density of 885.1 
kg/m3 at the same temperature but at 10 MPa higher pressure. The data for m-xylene and p-
xylene at pressures other than 40 MPa reported by Takagi et al. [84] agree with data obtained in 
the present study and with other literature data to within ±0.1%. Therefore, the p-xylene density 
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at 303.2 K and 40 MPa reported by Takagi et al. [84] is assumed to be in error and is excluded 
from comparison.  
 
 
Figure 16. Percent deviation for o-xylene densities obtained with the Tait equation fit to data 
obtained in this study, ρi,corr, and literature data, ρi,lit, of Bridgman [32] (■), Et-Tahir 
et al. [19] (♦), Takagi et al. [78] (◊), and Taravillo et al. [79] (○).  
 
 
Figure 17. Percent deviation for m-xylene densities obtained with the Tait equation fit to data 
obtained in this study, ρi,corr, and literature data, ρi,lit, of Bridgman [32] (■), Caudwell 
et al. [81] (●), Chang et al. [82,83] (∆), Et-Tahir et al. [19] (♦), Takagi et al. [84] (◊), 
Taravillo et al. [85] (○), and Yokoyama et al. [86] (▲). 
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Figure 18. Percent deviation for p-xylene densities obtained with the Tait equation fit to data 
obtained in this study, ρi,corr, and literature data, ρi,lit, of Castro et al. [87] (●), Et-
Tahir et al. [19] (♦), Takagi et al. [84] (◊), and Yokoyama et al. [86] (○).  
 
 
Figure 19. Percent deviation for 2-methylnaphthalene densities obtained with the Tait equation 
fit to data obtained in this study, ρi,corr, and literature data, ρi,lit, of Ebina et al. [89] 
(■). 
 
3.1.3. Isomer Structural Effects on High-Pressure Density 
The densities of the four branched cyclic C6 isomers and xylene isomers calculated with the 
modified Tait equation at the lowest, 293 K, and highest, 523 K, temperatures, which are shown 
in Figure 20 and Figure 21, respectively. For cyclic isomers, cis-1,2 has the largest densities and 
trans-1,4 has the smallest densities over the entire temperature and pressure range investigated in 
this study. This trend is also observed for the other two isotherms, 323 and 423 K, and the trend 
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agrees with that observed for ambient-pressure densities at 273, 293, and 313 K reported in the 
literature [91]. We conjecture that this density difference is due to the packing of the methylcC6 
at high pressures, given that there likely is very little difference between the strength of 
intermolecular attraction energies for these isomers. For aromatic hydrocarbons, o-xylene has the 
largest densities and p-xylene the smallest densities at near atmospheric pressure, which agrees 
with the trend reported in the literature [90]. This ordering of the three density isotherms also 
appears in the high-pressure region of the diagram at 293.2 K. However, at 523.2 K and high 
pressures, the three density isotherms become almost indistinguishable. One goal of the EoS 
modeling is to determine if it is possible to mimic the trends observed for the densities of the 
isomers, which will be investigated in the following section. 
 
 
(a) (b) 
Figure 20. Densities of cis-1,2 (– –), ethylcC6 (––), cis-1,4 (•••), and trans-1,4 (– •• – •• ) 
calculated with the modified Tait equation at (a) 293 K and (b) 523 K. The density 
scales are different for each isotherm, but the differences between the maximum and 
the minimum densities, 300 kg/m3, are equal for easy comparison. 
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(a) (b) 
Figure 21. Variation of the densities of o-xylene (⋅⋅⋅⋅⋅⋅⋅⋅⋅), m-xylene (------), and p-xylene (⎯⎯) 
calculated with the modified Tait equation at (a) 293.2 K and (b) 523.2 K. The 
density scales are different for each isotherm, but the differences between the 
maximum and the minimum densities, 300 kg/m3, are equal for easy comparison. 
 
3.2. Density Predictions 
3.2.1. Physical Properties and Parameters needed for EoS Modeling 
In this PhD study, the PR EoS, the HTHP VT cubic EoS, and the PC-SAFT EoS are used to 
model the density data of lower-molecular-weight compounds. Calculations with regular PR EoS 
and the HTHP VT cubic EoS require the critical temperatures, Tc, critical pressures, Pc, and 
acentric factor, ω, of the investigated hydrocarbons. Table 26 through Table 28 list Tc, Pc, and ω 
along with the molecular weight, Mw, of the long-chain n-alkane, cyclic hydrocarbons, and 
aromatic hydrocarbons investigated in this study, respectively [176].  
 
Table 26. Molecular weight, Mw, critical temperature, Tc, critical pressure, Pc, and acentric 
factor, ω, for n-hexadecane, n-octadecane, and n-eicosane obtained from Reid et al. 
[176]. 
Compound Mw Tc (K) Pc (MPa) ω 
n-Hexadecane 226.4 717.1 1.4 0.742 
n-Octadecane 254.5 745.1 1.2 0.790 
n-Eicosane 282.6 767.1 1.1 0.907 
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Table 27. Molecular weight, Mw, critical temperature, Tc, critical pressure, Pc, and acentric 
factor, ω, for methylcC6, ethylcC6, cis-1,2, cis-1,4, and trans-1,4 obtained from Reid 
et al. [176]. 
Compound Mw Tc (K) Pc (MPa) ω 
methylcC6 98.2 572.0 3.5 0.233 
ethylcC6 112.2 609.0 3.0 0.243 
cis-1,2 112.2 606.0 3.0 0.236 
cis-1,4 112.2 598.0 3.0 0.234 
trans-1,4 112.2 590.0 3.0 0.242 
 
Table 28. Molecular weight, Mw, critical temperature, Tc, critical pressure, Pc, and acentric 
factor, ω, for o-xylene, m-xylene, p-xylene, and 2-methylnaphthalene (2-MNP) 
obtained from Reid et al. [176]. 
Compound Mw Tc (K) Pc (MPa) ω 
o-Xylene 106.2 630.2 3.7 0.314 
m-Xylene 106.2 617.0 3.5 0.331 
p-Xylene 106.2 616.2 3.5 0.324 
2-MNP 142.2 761.0 3.5 0.382 
 
For PC-SAFT calculations, the pure component number of segments, m, temperature-
independent segment diameter, σ, and interaction energy, ε/k, are needed to model 
thermodynamic properties for non-associating fluids [156]. Table 29 through Table 31 list the 
parameters for the investigated long-chain n-alkane (n-hexadecane, n-octadecane, and n-
eicosane), cyclic hydrocarbons (methylcC6 and ethylcC6), and the aromatic hydrocarbons (o-
xylene, m-xylene, p-xylene, and 2-methylnaphthalene). These pure-component parameters are 
taken directly from literature sources [156,160], where parameters are obtained from a fit of the 
PC-SAFT equation to vapor pressure and subcritical density data. The parameters for the other 
cyclic hydrocarbons, cis-1,2, cis-1,4, and trans-1,4, are estimated using the GC method described 
by Tihic et al. [167] who analyzed available pure-component PC-SAFT parameters also 
determined by simultaneously fitting vapor pressure and subcritical density data. The first 
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application of the GC method only uses first-order group (FOG) values, shown in Table 32.  
Note that the three dimethylcyclohexane isomers have the same types and number of FOGs and, 
hence, the calculated PC-SAFT parameters are identical. The second application of the GC 
method uses both FOGs and second-order group (SOG) values listed in Table 32. In this 
instance the SOG, –CH(CH3)–CH(CH3)–, only appears in cis-1,2. Table 33 shows that the cis-
1,2 pure-component parameters calculated with the second GC method are different from the 
parameters for either cis or trans-1,4. Unfortunately, cis-1,4 and trans-1,4 have the same FOG 
and SOG values and, hence, the same PC-SAFT EoS parameters. 
 
Table 29. PC-SAFT parameters of n-hexadecane, n-octadecane, and n-eicosane from Gross and 
Sadowski [156]. 
System Mw m σ (Å) ε/kB (K) 
n-Hexadecane 226.4 6.6485 3.9552 254.70 
n-Octadecane 254.5 7.3271 3.9668 256.20 
n-Eicosane 282.6 7.9849 3.9869 257.75 
 
Table 30. PC-SAFT parameters, m, σ, and ε/kB, for methylcC6 and ethylcC6 from Gross and 
Sadowski [156].  
Compound Mw m σ  (Å) ε/kB (K) 
MethylcC6 98.2 2.6637 3.9993 282.33 
EthylcC6 112.2 2.8256 4.1039 294.04 
 
Table 31. Molecular weight, Mw, number of segments, m, temperature-independent segment 
diameter, σ, and interaction energy, ε/kB, for o-xylene, m-xylene, p-xylene obtained 
from (a) Gross and Sadowski [156] and 2-methylnaphthalene (2-MNP) from Tihic et 
al. [160]. 
Compound Mw m σ (Å) ε/kB (K) 
o-Xylene 106.2 3.1362 3.7600 291.05 
m-Xylene 106.2 3.1861 3.7563 283.98 
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p-Xylene 106.2 3.1723 3.7781 283.77 
2-MNP 142.2 3.3234 3.9533 347.55 
 
Table 32. First-order group, FOG, and second-order group, SOG, values from Tihic et al. [167] 
for each functional group in dimethylcyclohexanes.  
Type Group # of Groups m mσ
3 (Å3) mε/kB (K) 
FOG –CH2 4 0.3843 24.340 102.32 
 –CH3 2 0.6444 34.170 129.39 
  –CH< 2 0.0438 13.954 68.21 
SOG –CH(CH3)–CH(CH3)–* 1 -0.0463 -2.465 -6.81 
 Ring of 6 carbons 1 0.0642 -0.637 29.25 
  String in cyclic 2 -0.1455 -0.220 -5.72 
 *  –CH(CH3)–CH(CH3)– only appears in cis-1,2.  
 
Table 33. PC-SAFT parameters for cis-1,2, cis-1,4, and trans-1,4 calculated using the GC 
method proposed by Tihic, et al. [167].  
Approach Compound Mw m σ (Å) ε/kB (K) 
First-order GC 
method only 
 
cis-1,2 112.2 2.9137 4.0503 276.10 
cis-1,4 112.2 2.9137 4.0503 276.10 
trans-1,4 112.2 2.9137 4.0503 276.10 
First-order plus 
Second-order GC 
method 
cis-1,2 112.2 2.6406 4.1597 308.82 
cis-1,4 112.2 2.6869 4.1535 306.03 
trans-1,4 112.2 2.6869 4.1535 306.03 
 
3.2.2. Comparison of experimental data and model calculations 
3.2.2.1. Long-Chain n-Alkanes 
The experimental density data of n-hexadecane, n-octadecane, and n-eicosane in this study are 
modeled with PR, HTHP VT-SRK, and PC-SAFT equations of state at pressures to 265 MPa and 
temperatures of 50, 150, and 250 °C. MAPD values are used to assess the performance of each 
modeling approach where MAPD for n data points is defined as 
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where ρi,exp, and ρi,pred are the density obtained in this study, and the density calculated with 
EOS, respectively. 
 
Figure 22 through Figure 24 show a comparison of the densities obtained in this study for n-
hexadecane, n-octadecane, and n-eicosane with the calculated densities using the PR, HTHP VT-
SRK, and PC-SAFT equations. Listed in Table 34 are MAPD values and their associated 
standard deviation (SD) values determined for the three different EOS methods. 
 
Table 34. MAPD values and the associated standard deviation (SD) values determined for the 
three different EOS methods for n-hexadecane, n-octadecane, and n-eicosane. 
Component Data Points 
PR 
MAPD (%)      SD (%) 
HTHP VT-SRK EOS 
MAPD (%)    SD (%) 
PC-SAFT 
MAPD (%)      SD (%) 
n-Hexadecane 31 15.5 2.8 1.3 0.92 1.8 1.2 
n-Octadecane 31 16.4 3.0 1.4 1.2 2.4 1.2 
n-Eicosane 30 18.0 2.9 1.7 1.2 1.8 1.0 
 
  
(a) (b) 
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(c) 
Figure 22. Comparison of density data obtained in this study for n-hexadecane with calculations 
using (a) the PR EoS, (b) the HTHP VT-SRK EoS, and (c) the PC-SAFT EoS. 
 
  
(a) (b) 
 
(c) 
Figure 23. Comparison of experimental density data in this study for n-octadecane with 
calculations using (a) the PR EoS, (b) the HTHP VT-SRK EoS, and (c) the PC-SAFT 
EoS. 
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(a) (b) 
 
(c) 
Figure 24. Comparison of experimental density data in this study for n-eicosane with 
calculations using (a) the PR EoS, (b) the HTHP VT-SRK EoS, and (c) the PC-SAFT 
EoS. 
 
The MAPD values with the PR EoS are 15.5% for n-hexadecane, 16.4% for n-octadecane, and 
18.0% for n-eicosane, which are all close to one order of magnitude greater than the MAPD 
values for the HTHP VT-SRK or PC-SAFT equations. It is not surprising that the MAPD with 
the PR EoS is so high since it is well known that cubic equations do a poor job predicting liquid 
densities [7,135,136,140]. In addition, cubic equations are not expected to adequately represent 
the properties of long-chain hydrocarbons when the acentric factor is greater than 0.5 [177,178]. 
This point is strengthened by comparing the density data of the long-chain alkanes in this study 
with data for the short-chain hydrocarbons, whose acentric factor is less than 0.5 [7]. The MAPD 
with the PR EoS for n-pentane, n-octane, cyclooctane, isooctane, n-decane, and toluene is 
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between 1.2% and 5.8% [7], much less than the MAPD of the long-chain hydrocarbons in this 
study ranging from 15.5% to 18.0%. In contrast to the performance of the PR EoS, the MAPD 
values with the HTHP VT-SRK EoS are only 1.3%, 1.4%, and 1.7% for n-hexadecane, n-
octadecane, and n-eicosane, respectively. Figure 22 through Figure 24 do show, however, that 
this modified cubic EOS underestimates the liquid densities when the pressure is increased above 
160 MPa.  
 
The PC-SAFT EoS also gives a reasonable prediction for the density of these long-chain 
hydrocarbons, with MAPD values of 1.8%, 2.4%, and 1.8% for n-hexadecane, n-octadecane, and 
n-eicosane, respectively, which are close in value to those for short-chain hydrocarbons [7]. 
Hence, the PC-SAFT EoS provides more reasonable predictions for non-spherical substances 
compared with the PR EoS. In this instance, the PC-SAFT EoS overestimates the densities in the 
same high-pressure regions where the modified SRK equation underestimates the densities and, 
in fact, the overestimation of the densities actually occurs at pressures as low as 80 MPa. The 
overestimation of the densities at elevated pressures with the PC-SAFT EoS is also observed in a 
previously published study of the densities of n-pentane, n-octane, isooctane, cyclooctane, n-
decane, and toluene [7]. It is important to recognize that the pure-component parameters used 
here with the PC-SAFT EoS are taken directly from the literature [156] and are not optimized. 
 
3.2.2.2. Cyclic Hydrocarbons 
Table 35 lists the MAPD and standard deviation (SD) for each EoS for each cyclic hydrocarbon.  
Both the PR EoS and the HTHP VT-PR EoS tend to underestimate the densities with increasing 
pressure for ethylcC6 and the three cyclohexane isomers. For methylcC6, both equations 
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overestimate the densities at low to moderately high pressures. At pressures in excess of ~100 
MPa the HTHP VT-PR EoS provides a better representation of the densities compared to that 
obtained with the PR EoS, especially at elevated temperatures. It is not surprising that there is 
only a modest improvement in the density predictions for the four C6 isomers since the volume 
translation term, Equations (19) and (20), is only a function of molecular weight, critical 
temperature, and acentric factor, which, as shown in Table 27, are virtually identical for these 
four isomers. Nevertheless, the HTHP VT-PR EoS approach proposed by Baled et al. [11] offers 
a facile method that improves the performance of the PR EoS for estimating hydrocarbon 
densities when experimental data are not available. 
 
Table 35. MAPD and standard deviation (SD) values for the PR EoS, HTHP VT-PR EoS, PC-
SAFT EoS, and PC-SAFT EoS combined with the GC method of Tihic et al. for 
methylcC6, ethylcC6, cis-1,2, cis-1,4, and trans-1,4.  G-S means pure-component 
parameters from Gross and Sadowski [156], Tihic GC 1st means the GC method of 
Tihic et al. [167], using first-order GC parameters, and Tihic GC 2nd means the same 
GC method but using both first- and second-order GC parameters. 
Compound 
PR 
  
HTHP VT-PR 
  PC-SAFT 
  G-S 
MAPD 
(%) 
SD 
(%)   
MAPD 
(%) 
SD 
(%)   
MAPD 
(%) 
SD 
(%) 
methylcC6 4.86 2.47  3.95 1.52  2.14 1.46 
ethylcC6 3.42 2.05   2.35 1.49   1.50 1.05 
 
Compound 
PR   HTHP VT-PR   PC-SAFT 
  Tihic GC 1st  Tihic GC 2nd  
MAPD 
(%) 
SD 
(%)   
MAPD 
(%) 
SD 
(%)   
MAPD 
(%) 
SD 
(%)   
MAPD 
(%) 
SD 
(%)   
cis-1,2 5.32 2.56  4.97 1.36  1.78 1.15  3.16 1.56  
cis-1,4 2.91 1.98  2.02 1.51  1.99 1.38  4.32 1.44  
trans-1,4 3.95 2.12   3.43 1.53   4.41 1.60   7.34 1.77   
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Figure 25 shows a comparison of density isotherms calculated with the PC-SAFT EoS using 
pure-component parameters from the literature, Table 30, and parameters calculated with GC 
equations only using FOGs reported by Tihic et al. [167], Table 33.  The MAPD values obtained 
with the PC-SAFT EoS shown in Table 35 are approximately 14 to 40% lower than the MAPD 
values obtained with the PR EoS for four out of five of the cyclohexanes. MAPD values with the 
PC-SAFT EoS are also lower than those obtained with the HTHP VT-PR EoS, except for the 
case of trans-1,4. The pure-component parameters listed in Table 33 show that first-order GC 
cannot capture the effect of the structural differences on the density for cis-1,2, cis-1,4, and 
trans-1,4. Although the calculated pure-component parameters for the cis-1,2 isomer differ from 
those for cis-1,4- and trans-1,4 isomers when using both FOG and SOG values, the MAPD 
values in Table 35 indicate a worse fit is obtained for these three isomers compared to fits using 
only FOG values to calculate pure-component parameters. It should also be noted that the 
tendency of the PC-SAFT EoS to overestimate cyclohexane densities in the high-pressure region, 
regardless of the origin of the pure-component parameters, agrees with results published 
previously for short- and long-chain alkanes at HTHP conditions [7,8]. 
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Figure 25. Comparison of select experimental cyclohexane density data -- (○) 324.3 K, (■) 
423.4 K, (□) 522.5 K -- with calculated densities (lines) using the PC-SAFT EoS with 
parameters reported by Gross and Sadowski [156], Table 30, and parameters 
calculated using the GC method reported by Tihic et al. [167], with first-order groups 
only, Table 33. 
 
3.2.2.3. Aromatic Hydrocarbons 
Figure 26 through Figure 29 show a comparison of the experimental densities with the 
calculated values using the PR, HTHP VT-PR, and PC-SAFT EoS for o-xylene, m-xylene, p-
xylene, and 2-methylnaphthalene at pressures to 265 MPa and temperatures to 523.2 K. Table 36 
lists the MAPD values and the relevant standard deviation (SD) values of the EoS models for 
each aromatic hydrocarbon.  
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(a) (b) 
 
(c)  
Figure 26. Comparison of o-xylene density data (symbols) obtained in this study with calculated 
densities (lines) with (a) PR EoS, (b) HTHP VT-PR EoS, (c) PC-SAFT EoS at the 
temperatures of 294.9 K (●), 325.0 K (○), 423.9 K (■), and 523.2 K (□). 
 
 
(a) (b) 
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(c)  
Figure 27. Comparison of m-xylene density data (symbols) obtained in this study with calculated 
densities (lines) with (a) PR EoS, (b) HTHP VT-PR EoS, (c) PC-SAFT EoS at the 
temperatures of 295.7 K (●), 325.4 K (○), 422.4 K (■), and 522.9 K (□). 
 
 
(a) (b) 
 
(c)  
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Figure 28. Comparison of p-xylene density data (symbols) obtained in this study with calculated 
densities (lines) with (a) PR EoS, (b) HTHP VT-PR EoS, (c) PC-SAFT EoS at the 
temperatures of 295.0 K (●), 325.7 K (○), 423.3 K (■), and 523.0 K (□). 
 
 
(a) (b) 
 
(c)  
Figure 29. Comparison of 2-methylnaphthalene density data (symbols) obtained in this study 
with calculated densities (lines) with (a) PR EoS, (b) HTHP VT-PR EoS, (c) PC-
SAFT EoS at the temperatures of 326.7 K (●), 376.8 K (○), 421.3 K (■), and 523.8 K 
(□). 
 
Table 36. MAPD values and the relevant standard deviation (SD) values of PR, HTHP VT-SRK, 
and PC-SAFT EoS for o-xylene, m-xylene, p-xylene, and 2-methylnaphthalene. 2-
MNP is 2-methylnaphthalene. 
Compound PR   HTHP VT-PR   PC-SAFT 
  MAPD (%) SD (%)   MAPD (%) SD (%)   MAPD (%) SD (%) 
o-Xylene 2.34 1.38  1.84 0.84  1.20 1.05 
m-Xylene 2.49 1.84  1.04 0.71  1.03 0.70 
p-Xylene 2.05 1.22  0.87 0.76  0.95 0.63 
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2-MNP 4.53 2.57   2.23 0.90   0.98 0.81 
 
PR EoS provides the worst predictions with the MAPD of 2.34% for o-xylene, 2.49% for m-
xylene, 2.05% for p-xylene, and 4.53% for 2-methylnaphthalene, which again strengthens the 
argument that the PR EoS does a poor job in predicting liquid densities [7,136,140]. Further, for 
all the compounds obtained in this PhD study, the PR EoS predicted density isotherms tend to 
merge, which was also found in our previous studies [7,8]. In contrast, the HTHP VT-PR EoS 
performs better with the MAPD of 1.84% for o-xylene, 1.04% for m-xylene, 0.87% for p-xylene, 
and 2.23% for 2-methylnaphthalene. The HTHP VT-PR EoS predicted density isoterm do not 
merge at extreme pressures, although this modified cubic EoS always underestimates the 
densities at pressure above 200 MPa for all the isotherms of the aromatics except o-xylene at 
523.2 K. Even for o-xylene at 523.2 K, the trend of the HTHP VT-PR EoS calculated isotherms 
seems to underestimate the densities if the pressure goes higher than 270 MPa. The MAPD with 
the PC-SAFT EoS are 1.20% for o-xylene, 1.03% for m-xylene, 0.95% for p-xylene, and 0.98% 
for 2-methylnaphthalene and the overestimation at high temperatures and pressures is found. The 
PC-SAFT EoS offers reasonable predictions for the studied compounds, especially given that the 
pure-component PC-SAFT parameters used here are taken directly from the literature [156,160], 
where the parameters are obtained by simultaneously fitting to the subcritical vapor pressure and 
liquid density data. 
 
3.2.3. Analysis of the Performance of PC-SAFT EoS Modeling 
As is shown in the previous section, the PC-SAFT EoS tends to overpredict the density at high 
pressures. This section provides a detailed analysis to determine which term of the PC-SAFT 
EoS is dominating the deviation between EoS calculated and experimental densities. Several 
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different analysis approaches were tried and the most profitable one was decoupling the 
compressibility factor, Z. In the PC-SAFT EoS, the total Z is represented as the summation of 
contributions from ideal gas (ZIG = 1), the hard sphere term (Zhs), the chain term (Zchain), and the 
dispersion term (Zdispersion) for a non-associating fluid.  
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The calculated densities with the pure-component parameters from Gross and Sadowski [156] 
are used to obtain values for each term, Zhs-GS, Zchain-GS, and Zdispersion-GS. The experimental Z for 
each term, Zhs-exp, Zchain-exp, and Zdispersion-exp, is calculated by using the PC-SAFT parameters, 
which are forced to fit to the experimental density data in this study. The calculated Z and 
experimental Z for each term are then compared to determine which term dominates the 
deviation. Figure 30 shows the comparison results for ethylcyclohexane as a typical example. 
The chain term and dispersion term for calculated and experimental values are close to each 
other over the entire pressure range. The largest deviation is found for the hard sphere term, 
which leads to the deviation of the total Z between calculated and experimental values. 
Therefore, the hard sphere term, the only repulsive term in the PC-SAFT EoS, dominates the 
deviation between the calculated and experimental density data.  
 
 
Figure 30. Comparison of calculated Z (solid line) and experimental Z (dashed line) for hard 
sphere term (red), chain term (blue), dispersion term (green), and the total (black) at 
293 K (20 °C). 
 
The Carnahan-Starling equation [149] is used to calculate the PC-SAFT EoS hard sphere term, 
as is shown in Equation (51). ζn in Equation (51) is a function of the three PC-SAFT parameters, 
m, σ, ε/kB, shown in Equations (26) and (27). The three parameters are interconnected and cannot 
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be decoupled in this equation. However, several sets of calculations were performed to 
investigate the impact of only changing one pure-component parameter on the deviation. Figure 
31 shows a comparison results of the calculated and experimental Z for each term by decreasing 
σ by 1% while keeping the other two parameters fixed. It should be noted that σ is found to be 
the most sensitive to the density deviation. Following the same procedure, the impact of each of 
the other two parameters, m and ε/kB, were also investigated by decreasing m or ε/kB by 1% and 
keeping the other two fixed. The results show that decreasing m or ε/kB by 1% does not make the 
deviation change as much as σ. 
 
 
Figure 31. Comparison of calculated Z (solid line) and experimental Z (dashed line) for hard 
sphere term (red), chain term (blue), dispersion term (green), and the total (black) at 
293 K (20 °C) by decreasing σ by 1% while keeping the other two parameters, m and 
ε/kB, fixed. 
 
The deviation for the hard sphere term and the total Z at high pressures becomes smaller while 
larger deviations show up at low pressures. However, the Z at very low pressures is less than 
zero, which violates the ideal gas law and does not make any physical sense. Therefore, only 
changing one parameter is not a feasible way for reducing the deviation between calculated and 
experimental density data at high pressures. Actually, all the three parameters are interconnected 
with each other in the calculation of all terms of the PC-SAFT EoS and the impact of the 
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parameter changes depends on the type of data analyzed. For example, σ is the most sensitive to 
density calculations, while ε/kB will dominate for the phase equilibrium calculations. Therefore, 
all three PC-SAFT pure-component parameters have to be refitted according to specific 
applications. 
 
3.2.4. EoS Performance for Capturing Structural Effect for Isomers 
Another issue of importance for any EoS is whether the equation can capture the effect of isomer 
structure on density as observed in this PhD study for ethylcC6, cis-1,4, cis-1,2, and trans-1,4. 
Both the PR EoS and the HTHP VT-PR EoS predict the density isotherms order, from highest to 
lowest densities, as ethylcC6, cis-1,4-, cis-1,2-, and trans-1,4, as is shown in Figure 32. 
However, the experimental ordering is cis-1,2, ethylcC6, cis-1,4-, and trans-1,4. It is apparent 
that neither the PR EoS nor the HTHP VT-PR EoS are capable of accounting for the effect of 
isomer structural differences on the observed densities for the studied cyclic isomers. 
 
 
(a) (b) 
Figure 32. Comparison of calculated densities at 323 K for ethylcC6 (⎯⎯), cis-1,2 (⎯  ⎯  ⎯), 
cis-1,4 (⋅⋅⋅⋅⋅⋅⋅⋅⋅), and trans-1,4 (⋅⋅ ⎯ ⎯ ⋅⋅ ⎯ ⎯) using (a) PR EoS, (b) HTHP VT-PR 
EoS. 
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Figure 33 shows a comparison of the calculated densities for the four isomers at a single 
temperature of 323 K using the PC-SAFT EoS and experimental densities correlated by the 
modified Tait equation. Note that ethylcC6 densities (Figure 33b and Figure 33c) are predicted 
with pure-component parameters reported by Gross and Sadowski [156], while the densities for 
the three other isomers are predicted using the GC approach of Tihic et al. [167] with FOG 
values only (Figure 33b) and with FOG and SOG values (Figure 33c). It is not surprising that 
the four isotherms superpose in Figure 33b given that the three dimethylcyclohexane isomers 
have identical pure-component parameters. 
 
 
(a) (b) 
 
(c) 
Figure 33. Comparison of calculated densities at 323 K for ethylcC6 (⎯⎯), cis-1,2 (⎯  ⎯  ⎯), 
cis-1,4 (⋅⋅⋅⋅⋅⋅⋅⋅⋅), and trans-1,4 (⋅⋅ ⎯ ⎯ ⋅⋅ ⎯ ⎯) using (a) modified Tait equation, and 
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the PC-SAFT EoS (b) with Tihic et al.’s first-order GC parameters only, (c) with 
Tihic et al.’s first- and second-order GC parameters. Isotherms in (b) for ethylcC6, 
cis-1,2, cis-1,4, and trans-1,4 superpose. Isotherms in (c) for cis-1,4 and trans-1,4 
also superpose. 
 
Figure 33c shows that the GC approach by Tihic et al., with both FOG and SOG values, does 
correctly predict a larger density for cis-1,2 compared to either cis-1,4 or trans-1,4 at the same 
temperature and pressure. However, the density differences between cis-1,4 and trans-1,4 are not 
predicted. More importantly, the predicted ethylcC6 densities in Figure 33c are lower than those 
for the other three isomers, which does not agree with experimental trends. It might argue that 
since the densities of ethylcC6 are predicted with the PC-SAFT parameters reported by Gross 
and Sadowski [156], instead of the parameters calculated with the GC method, the results are not 
directly comparable. However, when the same GC method is used with the PC-SAFT EoS to 
predict the densities of ethylcC6 (not shown here), the results are virtually identical to those 
found using Gross and Sadowski’s reported PC-SAFT parameters and the predicted ethylcycC6 
densities are still the smallest among the four isomers. These observations should not be 
surprising since the GC parameters reported by Tihic et al. are determined using available PC-
SAFT parameters from Gross and Sadowski [156] as well as previous work of Tihic et al. [167].  
 
At present, to the best of our knowledge, it is not possible to predict the density differences 
between cis-1,2 and cis-1,4 using the GC method. The current limited database for PC-SAFT 
parameters for numerous compounds is the main reason retarding the development of more SOG 
GC parameters.  
 
3.2.5. Optimization of PC-SAFT Pure-Component Parameters 
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3.2.5.1. Parameter Optimization for Long-Chain n-Alkanes 
As is mentioned, the PC-SAFT EoS with pure-component parameters, m, σ, and ε/kB, from Gross 
and Sadowski [156] and Tihic et al. [160] tends to overpredict the liquid densities at high 
temperatures and high pressures and the deviation can be up to 5% at pressures greater than 240 
MPa [7]. This poor performance is understandable since the values of the pure-component 
parameters were obtained by simultaneously fitting to subcritical vapor pressure data and 
saturated liquid density data. For better predictions of high-temperature and high-pressure 
densities of interest for ultra-deep reservoirs, Burgess, et al. [13] derived new sets of pure-
component PC-SAFT parameters by fitting the equation to available density data at temperatures 
to 533 K and pressures to 276 MPa. These optimized pure-component parameters are called 
high-temperature, high-pressure PC-SAFT (HTHP PC-SAFT) parameters. Table 37 lists the 
HTHP PC-SAFT parameters and MAPD values for n-hexadecane, n-octadecane, and n-eicosane, 
which are obtained by fitting the experimental density data in this study by Burgess et al. 
[13].The MAPD is within 0.3% with the optimized parameters for all the isotherms. Since this 
work has already been completed by someone else, details on the optimization of PC-SAFT 
parameters for the three long-chain n-alkanes will not be given in this PhD study.  
 
Table 37. HTHP PC-SAFT parameters for n-hexadecane, n-octadecane, and n-eicosane obtained 
by fitting the equation to the density data obtained in this study [13]. ρ represents the 
liquid density.  
Compound Mw m σ ε/kB MAPD (%) 
      (Å) (K) ρ 
n-Hexadecane 226.4 9.3485 3.5424 255.06 0.16 
n-Octadecane 254.5 12.4956 3.3091 233.30 0.29 
n-Eicosane 282.6 10.8881 3.6193 263.86 0.31 
  
3.2.5.2. Parameter Optimization for Cyclic Hydrocarbons 
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As previously mentioned, the PC-SAFT parameters for cis-1,2, cis-1,4, and trans-1,4 are not 
reported in the literature. In this section pure-component parameters are obtained by fitting the 
PC-SAFT EoS to two different experimental sets of data.  One data set combines density data 
obtained in this study and vapor pressure data obtained from the literature [179].  The other data 
set only uses the HTHP density data obtained in this study.  Table 38 lists the PC-SAFT 
parameters obtained with these two approaches for cis-1,2, cis-1,4, and trans-1,4 and the MAPD 
between experimental and calculated data.  Figure 34 shows the percent deviation between 
density data obtained in this study and calculated values with each set of optimized PC-SAFT 
parameters. When using parameters fit to vapor pressure and density data the PC-SAFT EoS 
tends to underestimate densities at pressures below 20 MPa and overestimate them at pressures 
above 120 MPa for all three isomers. Nevertheless, the PC-SAFT EoS does provide reasonable 
density predictions throughout the entire pressure range. In addition, the parameters obtained 
from a fit of vapor pressure and density data are expected to give reasonable results for phase 
equilibrium predictions [13,162]. When using parameters fit exclusively to HTHP density data 
the PC-SAFT EoS tends to provide better predictions at extreme temperatures and pressures. Not 
surprisingly MAPD values are now within ± 0.5% and the maximum deviation is generally 
within ± 1.0%. However, it is worth noting that the PC-SAFT EoS may not perform well when 
predicting phase equilibrium data when using pure-component parameters optimized to HTHP 
density data [13,128,162]. 
 
Table 38. PC-SAFT parameters for cis-1,2, cis-1,4, and trans-1,4 obtained by two different 
methods.  Psat and ρ represent the vapor pressure and the liquid density, respectively. 
Each isomer has a molecular weight of 112.2. Vapor pressure data are reported in a 
temperature range of 313 to 403 K and a pressure range of 0.01 to 0.1 MPa.  Density 
data are reported in a temperature range of 293 to 523 K and a pressure range of 3 to 
275 MPa. 
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A) Simultaneous fit of density data obtained in this study and literature vapor 
pressure data [146]. 
Compound m 
σ ε/kB MAPD (%) 
(Å) (K) Psat ρ 
cis-1,2 3.2607 3.8866 269.63 0.16 1.22 
cis-1,4 3.1505 3.9655 270.33 0.08 1.35 
trans-1,4 3.2658 3.9451 260.59 0.15 1.35 
 
B) Fit of density data obtained in this study. 
Compound m 
σ ε/kB MAPD (%) 
(Å) (K) ρ 
cis-1,2 5.3041 3.2818 235.96 0.26 
cis-1,4 5.1519 3.3413 235.71 0.51 
trans-1,4 5.6068 3.2617 220.93 0.23 
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Figure 34. Percent deviation between density data obtained in this study and calculated density 
using the PC-SAFT EoS with pure component parameters optimized by 
simultaneously fitting experimental density data and vapor pressure data [179] (fit of 
ρ and Psat) and by only fitting experimental density data (solely fit of ρ) at 323 K (○), 
423 K (■), and 523 K (□).  The deviation curve for the 293 K isotherm is not included 
to avoid cluttering the graph. 
 
The values of m obtained by the simultaneous fit of density data and vapor pressure data are 
always smaller than the values from the fit of density data, while the values of σ  and ε/kB are 
larger for the simultaneous fit of density and vapor pressure data. This trend is also found when 
comparing the pure-component parameters obtained by Gross and Sadowski [156] and Tihic et 
al. [167] with the HTHP parameters obtained by Burgess et al. [13]. For example, for 
cyclooctane, a different dimethylcyclohexane isomer, m, σ  (Å), and ε/kB (K) are 2.8856, 4.0117, 
and 307.03, respectively, when obtained by simultaneously fitting density and vapor pressure 
data [160], and 5.9785, 3.1395, and 250.05, respectively, when obtained by solely fitting HTHP 
density data [13]. 
 
3.2.5.3. Parameter Optimization for Aromatic Hydrocarbons 
Following the same method with Burgess et al. [13], the HTHP PC-SAFT parameters for o-
xylene, m-xylene, p-xylene, and 2-methylnaphthalene are obtained here by fitting the PC-SAFT 
EOS to the density data in this study at temperatures to 523.2 K and pressures to 265 MPa. Table 
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39lists the HTHP PC-SAFT parameters and MAPD values for the four aromatic hydrocarbons. 
The MAPD is within listed in Table 39 are within 0.4% for all four aromatic hydrocarbons when 
using the HTHP PC-SAFT parameters. Figure 35 shows deviation graphs for experimental and 
HTHP PC-SAFT calculated densities. In these instances, the maximum percent deviation is 
generally within ±1.0% for all four aromatic compounds.  
 
Table 39. HTHP PC-SAFT parameters for o-xylene, m-xylene, p-xylene, and 2-
methylnaphthalene obtained by fitting the equation to the density data obtained in this 
study. ρ represents the liquid density. 2-MNP is 2-methylnaphthalene. Density data 
are reported in a temperature range of 293 to 523 K and a pressure range of 3 to 265 
MPa. 
Compound Mw m σ ε/kB MAPD (%) 
      (Å) (K) ρ 
o-Xylene 106.2 4.8867 3.2203 246.69 0.34 
m-Xylene 106.2 4.6772 3.2909 251.42 0.22 
p-Xylene 106.2 4.8463 3.2492 244.69 0.22 
2-MNP 142.2 5.9772 3.2045 267.34 0.36 
 
 
(a) (b) 
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(c) (d) 
Figure 35. Percent deviation between the density data obtained in this study and the calculated 
data using HTHP PC-SAFT parameters optimized by the fit to the experimental 
density data obtained in this study for (a) o-xylene, (b) m-xylene, (c) p-xylene, and 
(d) 2-methylnaphthalene at the temperatures of ~293.2 K (●), ~323.2 K (○), ~423.2 K 
(■), and ~523.2 K (□). 
 
3.3. Final Comments 
Density data are reported for long-chain n-alkanes (n-hexadecane, n-octadecane, and n-
eicosane), cyclic hydrocarbons (methylcyclohexane, ethylcyclohexane, cis-1,2-
dimethylcyclohexane, cis-1,4-dimethylcyclohexane, and trans-1,4-dimethylcyclohexane), and 
aromatic hydrocarbons (o-xylene, m-xylene, p-xylene, and 2-methylnaphthalene) at temperatures 
to 525 K and pressures to 275 MPa, extending the current density database. The MAPD for data 
obtained in the present study is within 0.4% of available literature data. The structural 
differences of the isomers are reflected in the ordering of the density data at high temperatures 
and pressures.  Compared with the PR EoS and the HTHP VT-PR EoS, the PC-SAFT EoS 
provided more accurate calculated densities, although it overpredicts the densities at extreme 
temperatures and pressures and even the PC-SAFT EoS cannot fully account for the effect of 
cyclic isomer structure on the resultant density. New sets of PC-SAFT parameters are determined 
for the investigated hydrocarbons by fitting to the density data obtained in this study with MAPD 
within 0.4%.   
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Chapter 4 Solution Behavior and Modeling of Star Polymer Solutions 
 
4.1. Star Polymer Synthesis and Characterization 
Figure 36 shows a schematic diagram of the synthesis of the star polymers and the LMA-MMAx 
copolymer arms using reversible addition-fragmentation-transfer (RAFT) method [180]. The star 
polymer, composed of a DVB core and statistically-random, LMA-MMA50 copolymer arms, is 
synthesized in a paraffinic-naphthenic (PN) solvent. The poly(lauryl methacrylate) (PLMA) used 
in this study was synthesized using standard emulsion polymerization techniques [181]. 
Poly(methyl methacrylate) (PMMA) (Mw ~15,000) and propane (98 wt% purity) are purchased 
from Sigma-Aldrich and used as received.  
 
 
           
(A) (B) 
Figure 36. Schematic of the synthesis and structure of the star polymer and the methyl 
methacrylate (A) and lauryl methacrylate (B) repeat groups in the copolymer arms 
used in this study. 
 
Polymer samples are characterized with 1H nuclear magnetic resonance (NMR) spectroscopy, gel 
permeation chromatography (GPC), and differential scanning calorimetry (DSC). 1H NMR 
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spectra of the samples are recorded on a 500 MHz Bruker Advance III spectrometer with a 5 mm 
probe in CDCl3 solutions at 303 K. The crystallization temperatures of the samples are recorded 
with Q1000 DSC from TA Instruments. A ramping method is used where the temperature is 
increased to 423 K (150 °C) with a heating rate of 10 K/min, decreased to 273 K (0°C) with the 
rate of 5 K/min, and then heated back to 423 K with a rate of 10 K/min. Polymer molecular 
weight information is obtained by GPC with columns calibrated with lPS standards and 
tetrahydrofuran as the eluent at a flow rate of 1.0 mL/min at ~ 313 K (40°C). 
 
Table 40 lists molecular weight and molecular weight distribution data obtained from GPC and 
the LMA and MMA content obtained from 1H NMR for PLMA and PMMA, for linear 
copolymer-solvent mixtures of LMA-MMA35 and LMA-MMA50, and for the parent star 
polymer-solvent mixture. GPC chromatograms show that PLMA and PMMA only have a single 
polymer peak and the chromatograms for each of the LMA-MMAx-solvent mixtures have a 
single polymer peak and a low Mw PN solvent peak. The GPC chromatogram for the parent star 
polymer-solvent mixture has a broad, bimodal peak centered at ~620,000, which is the star 
polymer, a single peak at ~30,000, which is the free LMA-MMA50 arms, and a single peak at 
~600, which is the PN solvent (see Figure S1(a) in the supporting information file).  1H NMR 
spectra show that the MMA to LMA mole ratios are 0.6, 1.0, and 1.0 for the LMA-MMA35 
copolymer, the LMA-MMA50 copolymer, and the arms on the star polymer, respectively.  
 
Table 40. Characterization data for PLMA, PMMA, linear LMA-MMA35-solvent mixture, linear 
LMA-MMA50-solvent mixture, and parent star polymer-solvent mixture. 
Sample Mw (•10–3) Mw/Mn 
LMA/MMA GPC Comments 
Mole Ratio 
PLMA 80 2.0 100/0 Single polymer peak 
     
 118 
PMMA 15 1.6 0/100 Single polymer peak 
     
LMA-MMA35-
solvent 45 1.2 65/35 
Polymer peak and 
low Mw solvent peak 
     
LMA-MMA50-
solvent 130 2.0 50/50 
Polymer peak and 
low Mw solvent peak 
     
Star polymer-
solvent 
Multi 
Peaks ---- 50/50 
Mw ~620,000 broad 
polymer peak, 
Mw ~30,000 free arms 
peak, 
Mw ~600 solvent peak 
 
4.2. Fractionation 
The pressure-temperature (P-T) conditions for effective fractionation are based on the conditions 
needed to dissolve neat PN solvent, LMA-MMAx-solvent mixtures, and LMA-MMA50 star 
polymer-solvent mixtures in the supercritical fluid used for the fractionation.  Figure 37 shows 
the P-T conditions needed to dissolve ~5 wt% neat PN solvent in propane and in CO2. The P-T 
traces of the fluid → liquid + liquid boundaries exhibit the same characteristics observed for 
other propane-saturated hydrocarbon and CO2-saturated hydrocarbon binary mixtures [103]. The 
PN solvent easily dissolves in propane and the dissolution pressure increases with an increase in 
temperature. In contrast, the solvent-CO2 phase transition pressure increases dramatically at 
temperatures below 325 K.  These results suggest that CO2 can be used at moderate temperatures 
and pressures to effectively remove the PN solvent from the polymer-solvent mixture and that 
propane can also extract the PN solvent at lower pressures.  Preliminary experiments, not 
presented here, also show that ~5 wt% star polymer-solvent mixture does not dissolve in CO2 at 
temperatures to 448 K and pressures to 200 MPa, although the mixture can be dissolved in 
propane at ~35 MPa over the same temperature range.  The P-T conditions needed to dissolve 
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LMA-MMAx copolymer in CO2 and in propane are, to a first approximation, expected to be 
similar to those needed to dissolve the LMA-MMAx star polymer.  Hence, the parent star 
polymer-solvent mixture is fractionated first with supercritical CO2 to remove PN solvent and 
then with propane to remove any remaining solvent and to obtain polymer fractions with 
different molecular weights.  In this instance the choice of operating first with CO2 is arbitrary 
since propane, by itself, can readily extract the PN solvent from the star polymer. 
 
 
Figure 37. Phase diagram of ~5 wt% PN solvent in propane (□) and PN solvent in CO2 (○) 
obtained in this study. Solid lines are used to guide the eyes. 
 
The ~50 wt% PN solvent in each synthesized copolymer sample, LMA-MMA35 and LMA-
MMA50, is extracted with supercritical CO2 at 35 MPa and ~400 K. The GPC chromatograms for 
the LMA-MMA35 and LMA-MMA50 recovered after this extraction step do not exhibit a PN 
solvent peak. In addition, the DSC results show that the two linear copolymers are amorphous, as 
expected. 
 
Table 41 shows the results from the fractionation of the parent LMA-MMAx star polymer.  
Supercritical CO2 is used first to remove most of the PN solvent and then propane is used to 
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remove any remaining solvent and to obtain polymer fractions with different Mw.  Detailed GPC 
chromatographs for the fractions can be found in Figure 38. As mentioned previously, the parent 
LMA-MMAx star polymer-solvent mixture has three peaks corresponding to star polymer (Mw 
~620,000), free LMA-MMAx copolymer arms (Mw ~30,000) not attached to the star polymer, 
and PN solvent (Mw ~600). The first two fractions, F1 and F2, are PN solvent amounting to 34 
wt% of the initial charge, which is close to the area percentage in the GPC chromatograph of the 
parent polymer-solvent mixture (Figure S1(b) in the supporting information). Fraction F3 
consists of free LMA-MMAx copolymer arms. Fractions F4 through F7 are star polymers with 
different Mw and polydispersity indices, Mw/Mn, which are less than 2.4 for all the fractionated 
samples. The higher-molecular-weight star polymers are formed probably due to the greater 
chain length of each arm on the star polymer, which will leads to a larger <Rg2>. These fractions 
have a single peak in the GPC chromatogram verifying that the PN solvent and free arms are 
effectively extracted from the parent star polymer. A recovery rate of over 95 wt% of the parent 
material charged to the column is obtained for this fractionation. 1H NMR spectra confirm that 
the LMA to MMA mole ratio is 1.0 for each fractionated polymer sample. 
 
Table 41. Operating conditions for the fractionation of star polymer using supercritical CO2 and 
supercritical propane at ~400 K and at different pressure levels. 
Sample 
Weight 
(g) 
Pressure 
(MPa) 
Mw 
(•10–3) Mw/Mn 
TMelt 
(K) Comments 
Parent 11.03 ---- Multi Peak ---- ---- 
Mw ~620,000 broad polymer peak, 
Mw ~30,000 free arms peak, 
Mw ~ 600 solvent peak 
F1 3.18 34.5 0.6 1.0 ---- Solvent extracted with CO2 
Switch to Supercritical Propane 
F2 0.55 5.5 0.6 1.0 ---- More solvent extracted with Propane 
F3 0.89 20.7 30 1.5 None One peak, free copolymer arms 
F4 1.45 31.0 160 1.4 343 Single narrow star polymer peak 
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F5 1.53 36.5 200 1.5 344 Single narrow star polymer peak 
F6 1.62 41.4 600 2.4 None Single narrow star polymer peak 
F7 1.81 46.9 890 2.2 None Single narrow star polymer peak 
 
 
(a)  (b) 
 
(c)  (d) 
 
(e)  (f) 
 
(g) 
Figure 38. GPC chromatograms for (a) the parent star polymer-oil mixture, (b) combined F1 and 
F2, oil fractions obtained with CO2 and propane, (c) F3, unreacted copolymer arms, 
(d) F4, star polymer with Mw = 160,000, (e) F5, star polymer with Mw = 200,000, (f) 
F6, star polymer with Mw = 600,000, (g) F7, star polymer with Mw = 890,000. 
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Interestingly, fractions F4 and F5 exhibit a melting transition at ~343 K, while fractions F6 and 
F7 do not exhibit any melting transitions. Given that none of the linear LMA-MMAx copolymers 
and copolymer fractions exhibits crystallinity, we conjecture that the crystallization of F4 and F5 
is directly related to the DVB core of the star polymer. It is possible that the DVB core for 
fractions F6 and F7 would also exhibit a melting transition. However, both of these fractions 
have very high molecular weights indicating that the molar ratio of DVB core to arms is very 
small and that, more than likely, the larger arm length masks the melting transition of the 
relatively smaller DVB core for F6 and F7. The apparent disappearance of a melting transition 
for these LMA-MMA50 arms, DVB-core, star polymers with large arm length is similar to the 
behavior observed by Hay et al. [182], who reported a melting transition for a less-than-third 
generation poly(benzyl ether) dendrimer that is not seen with the higher-generation dendrimers. 
 
4.3. Phase Behavior Determination in Supercritical Propane 
4.3.1. Homogeneous Polymer and Linear Copolymers 
Figure 5 shows the phase behavior for ~5 wt% PLMA (Mw ~80,000), LMA-MMA35 (Mw 
~45,000), LMA-MMA50 (Mw ~30,000), and LMA-MMA50 (Mw ~130,000) in propane. Detailed 
cloud-point data tables are found in Table 42. Figure 39 also shows the cloud-point curve for 
5.2 wt% PLMA (Mw ~250,000) in propane from Liu et al. [183] for comparison to the data in the 
present study.  The cloud-point pressures from Liu et al. [183] are only slightly higher than that 
exhibited by the PLMA (Mw ~80,000)-propane system, suggesting that the effect Mw has already 
reached a point of saturation on the phase behavior for this binary mixture. 
 
Table 42. P-T trace of the cloud-point curves for ~5 wt% PLMA (Mw = 80,000) in propane and 
LMA-MA35 (Mw = 45,000) and LMA-MA50 (Mw = 30,000 and 130,000) in propane.  
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∆P represents the pressure range for the transition from a slightly hazy solution to 
completely opaque solution. 
PLMA (Mw 80,000) 
 
LMA-MMA35 (Mw 45,000) 
T (K) 
P 
(MPa) 
∆P 
(MPa) 
 
T (K) 
P 
(MPa) 
∆P 
(MPa) 
294.3 3.3 0.3  308.8 17.5 0.3 
308.1 7.2 0.3  326.2 20.8 0.3 
326.4 11.5 0.2  342.2 23.5 0.3 
354.6 17.1 0.2  351.8 25.0 0.2 
376.2 20.7 0.3  374.0 28.2 0.1 
398.9 24.0 0.3  401.2 31.6 0.2 
422.7 27.0 0.2  421.9 33.7 0.2 
452.8 28.9 0.3  447.9 35.9 0.1 
472.8 30.1 0.3  
   520.2 33.2 0.2  
    
LMA-MMA50 (Mw 30,000) 
 
LMA-MMA50 (Mw 130,000) 
T (K) P (MPa) ∆P (MPa) 
 
T (K) P (MPa) ∆P (MPa) 
294.3 35.4 0.6 
 
376.9 218.5 1.0 
309.2 34.9 0.5 
 
387.6 160.2 0.9 
322.3 35.4 0.5 
 
395.5 138.0 0.8 
336.0 37.3 0.5 
 
418.4 119.4 0.8 
350.0 38.3 0.3 
 
438.5 120.7 0.8 
375.1 39.5 0.6 
 
450.4 121.1 0.8 
402.2 40.6 0.5 
 
472.7 123.4 0.6 
423.4 41.4 0.2 
    439.0 42.0 0.3 
    462.8 42.5 0.2 
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Figure 39. Cloud-point curves for ~5 wt% PLMA (Mw ~80,000) (○), LMA-MMA35 (Mw 
~45,000) (◊), LMA-MMA50 (Mw ~30,000) (∆), and LMA-MMA50 (Mw ~130,000) (□) 
in propane obtained in this study and PLMA (Mw ~250,000) (●) in propane from Liu 
et al. [183] Solid lines are used to guide the eyes. 
 
The effect on the phase behavior is much different for the LMA-MMAx copolymer-propane 
mixtures.  Note that the cloud-point curves for PLMA, LMA-MMA35 (Mw ~45,000), and LMA-
MMA50 (Mw ~30,000) shift to higher pressures as MMA is added to the backbone of the 
polymer.  Note also that the shift to higher pressures for these curves is opposite to what is 
expected based on polymer Mw, indicating that polymer-solvent interactions have a larger effect 
on the conditions needed to dissolve these polymers than polymer molecular weight. The impact 
of the polarity of the ester group is reduced in LMA relative to MMA because LMA has a much 
larger molar volume due to the non-polar dodecane side chain. In fact, it was not possible to 
dissolve PMMA with Mw of only 15,000 in propane at temperatures to 473 K and pressures to 
200 MPa verifying that MMA-rich copolymers are harder to dissolve in nonpolar propane 
compared to LMA-rich copolymers.  
 
Figure 39 also shows the cloud-point curve for LMA-MMA50 (Mw ~130,000) in propane 
obtained in this study.  In this instance the curve exhibits a sharp increase in pressure at 
temperatures less than ~400 K.  It is likely that the cloud-point curves for the other LMA-MMAx 
copolymers also exhibit sharp increases in pressure at temperatures colder than 300 K, which is 
outside the range for the apparatus used in this study.  As the copolymer molecular weight 
increases the size asymmetry with propane increases and the number of propane-MMA 
interactions per unit volume also increases, thus causing the cloud-point curve to shift to higher 
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pressures, due primarily to a size disparity, and to higher temperatures, due primarily to a 
mismatch in energetics [184].  
 
4.3.2. Star Polymer Fractions 
Figure 40 shows the cloud-point curves in propane for fractionated samples F4, F5, F6, and F7 
that are LMA-MMA50 star polymers.  The cloud-point curves for the LMA-MMA50 (Mw 
~30,000)-propane and LMA-MMA50 (Mw ~130,000)-propane systems are also included in Figure 
6 for a direct comparison between star polymers and linear copolymers. Detailed cloud-point 
data are listed in Table 43 for the star polymer-propane systems. Solidification boundaries are 
found at ~343 K for the lower Mw F4 and F5 star polymers, but not for the higher Mw F6 and F7 
star polymers. This observation agrees with the DSC results that revealed a crystallization 
boundary at ~343 K for star polymer fractions F4 and F5, but no crystallization boundary for 
fractions F6 and F7, likely due to the masking effect of the larger arm length in these two star 
polymers. The increase in cloud-point pressures with decreasing temperature for the F6-propane 
and F7-propane curves is due to the increase in dipole-dipole interactions between polymer 
molecules that scales with inverse temperature and that dominates polymer-propane dispersion 
interactions. The cloud-point curves for the F4-propane and F5-propane systems are also 
expected to exhibit negative P-T slopes at low temperatures, although this behavior is masked by 
the solid-liquid transition for these two star polymers. 
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Figure 40. Cloud-point curves for ~5 wt% F4 (□), F5 (○), F6 (∆), and F7 (◊) in propane and for 
~5 wt% LMA-MMA50 (Mw ~30,000) (▲) and LMA-MMA50 (Mw ~130,000) (■) 
(upper right corner) in propane. Solid lines are used to guide the eyes. The dashed 
line represents a solid-liquid phase boundary. 
 
Table 43. P-T trace of the cloud-point curves for ~5 wt% fractionated star polymers, F4, F5, F6, 
and F7 in propane.  ∆P represents the pressure range for the transition from a slightly 
hazy solution to completely opaque solution. 
F4 (Mw 160,000) 
 
F5 (Mw 200,000) 
T (K) P (MPa) ∆P (MPa) 
 
T (K) P (MPa) ∆P (MPa) 
343.0 Solidification  344.0 Solidification 
349.7 39.6 0.9  352.1 42.6 1.0 
374.4 40.0 0.8  374.3 42.3 0.8 
398.8 40.6 0.6  399.8 42.1 0.6 
423.2 41.1 0.5  422.7 42.1 0.6 
444.1 41.4 0.5  443.5 42.3 0.6 
 
F6 (Mw = 600,000)  F7 (Mw = 890,000) 
T (K) 
P 
(MPa) 
∆P 
(MPa) 
 
T (K) 
P 
(MPa) ∆P (MPa) 
309.4 56.0 5.0  306.2 62.9 5.4 
325.6 51.7 4.8  325.0 56.6 4.8 
349.9 46.9 4.2  349.7 51.1 4.6 
361.2 45.7 3.1  374.4 48.1 2.2 
374.0 45.2 3.0  401.4 48.0 2.4 
392.0 44.7 2.4  422.7 47.8 2.7 
406.4 44.2 1.8  442.8 48.0 2.6 
422.6 44.5 2.1  
   444.6 44.9 1.9  
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Polymer solubility is also examined in supercritical CO2 for PLMA and PMMA, the linear 
LMA-MMAx copolymers, and the star polymer fractions. As expected, none of these 
methacrylate homopolymers, copolymers, and star polymers dissolve in CO2 at temperatures to 
448 K and pressures to 200 MPa [104]. This observation also agrees with Liu et al. [183], who 
were not able to dissolve PLMA (Mw ~250,000) in CO2 without adding a cosolvent. 
 
4.3.3. Star Morphology Effects on Phase Behavior 
An interesting observation stems from the comparison of the cloud-point curves for star 
polymers and linear LMA-MMAx copolymers in propane. As shown in Figure 40, the cloud-
point pressures for LMA-MMA50 (Mw ~30,000) in propane at temperature exceeding 350 K are 
very close to the pressures exhibited by the F4 star polymer (Mw ~160,000)-propane system. The 
ordering of these two curves is a bit surprising given that the LMA to MMA ratio is the same for 
both the F4 copolymer arms and the linear LMA-MMA50 (Mw ~30,000) copolymer. This trend is 
even more exacerbated when comparing the P-T trace of the cloud-point curves of any these high 
Mw star polymers with the curve for linear LMA-MMA50 (Mw ~130,000), which appears at ~50 
MPa higher pressures.  
 
These observations agree with the previously reported work on B22 and UCST at the atmosphere 
pressure, which showed that a star polymer is more soluble than its linear analogue polymer in a 
poor solvent [118,120,121]. The results obtained in this study also support the argument that the 
star morphology suppresses the impact of molecular weight on solubility relative to the Mw effect 
found with the linear polymer analogue, as described earlier for the previously reported, 
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atmospheric-pressure study of sPS and lPS [120]. The free volume of the star polymer is 
expected to be much higher than that for the linear polymer since the arms are tethered to a core 
resulting in constrained conformations and there is an increase in chain ends from the multiple 
arms of a star polymer. The argument related to the effect of constrained conformations on the 
arms is also proposed by Forni et al. [124,125], who calculated the molecular shape of star 
polymers using off-lattice Monte Carlo simulations and concluded that the arms of the star 
polymer were stretched in order to best accommodate both the intra- and inter-arm repulsions. 
The increased free volume of this LMA-MMA50 star polymer relative to its copolymer analogue 
apparently has a more dominant effect than the MMA-propane energetic mismatch magnified 
with the larger number of MMA groups within the star polymer. Further, the molecular size, for 
example the radius of gyration, of the star polymer is smaller than its linear analogue [124], 
which is also expected to reduce the cloud-point pressure for a star polymer-solvent solution 
compared to the analogue linear polymer-solvent solution. Figure 40 shows that the differences 
in cloud-point pressures are magnified when a weak, supercritical fluid solvent, such as propane, 
is used compared to a liquid solvent. 
 
4.4. Density Determination 
In this study, mixture densities are determined for fractionated star polymer-propane mixtures 
with ~5.0 wt% F4, F5, F6, and F7, and for 4.8 wt% PLMA-propane and 4.2 wt% LMA-MMA50 
(Mw ~30,000)-propane mixtures at 373 K and 423 K and pressures to 200 MPa. Figure 41 shows 
examples of the variation of density with pressure for the F4-propane, PLMA-propane, and 
LMA-MMA50-propane mixtures. Detailed density data are found in Table 44.  
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(a)  (b) 
 
(c) 
Figure 41. Densities in the single-phase region for the (a) 5.2 wt% F4-propane system, (b) 4.8 
wt% PLMA-propane, and (c) 4.2 wt% LMA-MMA50 (Mw ~30,000)-propane at ~ 375 
K (○) and ~ 424 K (□). The dashed line represents the liquid-liquid phase boundary 
and the solid lines are to guide the eye. 
 
Table 44. Density data in the single-phase region for ~5 wt% star polymers, F4, F5, F6, and F7, 
PLMA, and copolymer LMA-MMA50 (Mw ~30,000) in propane. 
5.2 wt% F4 in Propane 
 
5.0 wt% F5 in Propane 
P Density   P Density 
 
P Density   P Density 
(MPa) (kg/m3)   (MPa) (kg/m3)  (MPa) (kg/m
3)   (MPa) (kg/m3) 
375.7 ± 0.1 K   424.4 ± 0.1 K 
 
376.1 ± 0.1 K   424.6 ± 0.1 K 
42.9 500 
 
43.8 461 
 
45.0 501 
 
45.0 461 
48.5 509  48.9 471  48.4 506  48.7 468 
55.4 519  55.5 482  55.8 516  55.2 480 
62.7 528  62.3 493  62.7 525  61.9 490 
69.4 536  70.0 503  69.6 533  69.2 499 
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83.4 550  83.2 519  83.0 547  82.7 515 
104.1 569  103.9 540  103.4 565  104.1 536 
124.4 584  125.0 558  123.9 581  124.4 553 
138.8 595  138.5 569  139.5 591  138.7 564 
152.8 603  153.7 579  153.7 600  152.9 574 
173.2 615  173.9 592  173.0 611  172.9 586 
189.5 624  188.5 601  187.4 618  187.6 595 
208.4 634   207.6 611  207.6 629   207.1 605 
 
4.9 wt% F6 in Propane 
 
5.0 wt% F7 in Propane 
P Density   P Density 
 
P Density   P Density 
(MPa) (kg/m3)   (MPa) (kg/m3) 
 
(MPa) (kg/m3)   (MPa) (kg/m3) 
373.9 ± 0.1 K   422.6 ± 0.1 K 
 
374.8 ± 0.1 K   422.2 ± 0.1 K 
50.1 519 
 
49.4 480 
 
55.5 522 
 
55.9 487 
55.6 527  55.5 490  
63.9 533  62.8 498 
62.3 536  62.4 501  
70.8 541  69.6 507 
69.5 544  69.8 512  
83.0 554  83.2 523 
83.6 558  84.0 528  
103.7 574  104.3 546 
103.8 577  102.9 547  
125.0 590  125.0 564 
123.3 592  124.1 566  
139.1 599  138.9 575 
139.3 603  139.0 578  
152.6 607  152.9 584 
153.0 612  153.2 588  
173.7 621  172.6 597 
173.0 624  173.4 601  
190.0 630  190.6 608 
188.1 633  186.9 610  
207.5 639   208.0 618 
208.4 643   207.7 621 
       
 
4.8 wt% LMA-MMA50 in Propane  
4.2 wt% LMA-MMA50 (Mw 
~30,000) in Propane 
P Density   P Density 
 
P Density   P Density 
(MPa) (kg/m3)   (MPa) (kg/m3) 
 
(MPa) (kg/m3)   (MPa) (kg/m3) 
374.7 ± 0.1 K   423.8 ± 0.1 K 
 
376.6 ± 0.1 K   424.9 ± 0.1 K 
24.4 477 
 
28.8 439 
 
48.4 516 
 
48.2 474 
28.0 485 
 
31.4 447 
 
55.9 527  56.2 489 
31.4 492 
 
35.1 455 
 
63.3 536  62.6 499 
35.0 498 
 
42.0 472 
 
69.7 545  69.6 510 
42.0 510 
 
49.3 485 
 
83.9 560  83.4 527 
48.9 520 
 
55.7 495 
 
105.3 580  104.2 550 
56.0 529 
 
62.5 504 
 
125.6 596  124.7 568 
63.0 537 
 
70.8 514 
 
140.6 607  138.8 580 
69.8 545 
 
84.4 529 
 
152.8 616  153.5 590 
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84.3 558 
 
106.1 549 
 
172.5 630  174.5 604 
105.6 575 
 
125.1 564 
 
188.9 639  206.1 624 
125.6 588 
 
139.6 573 
 
208.0 648       
143.3 599 
 
175.3 595 
      176.0 616 
 
210.3 613 
      213.7 634       
       
4.5. PC-SAFT EoS Modeling 
4.5.1. Pure-Component Parameters 
In this study, the PC-SAFT [156,159,162] and the copolymer PC-SAFT [169] equations are used 
to predict the high-pressure, solution behavior for the PMMA-propane, PLMA-propane, and the 
random LMA-MMAx-propane mixtures. Although the copolymer PC-SAFT EoS with branching 
effects[111] has been used to model hyperbranched-solvent phase behavior, no attempt is made 
to use this approach for the LMA-MMA50 star polymer-propane given the challenges for 
modeling a highly-structured, star polymer such as the difficulty in determining the accurate 
branching points. 
 
For a non-associating binary mixture, three parameters, m, σ, and ε/k are needed for each pure 
component and a binary interaction parameter, kij, is needed to model mixture behavior. For 
homopolymers, m/Mw, is usually used instead of m, in which Mw is the molecular weight of the 
polymer. In this study, the solution behavior of the PMMA-propane and PLMA-propane 
mixtures are modeled with the PC-SAFT EoS. The pure component parameters for propane, 
PMMA, and PLMA and the binary interaction parameters between LMA and propane, kLMA-
propane, are taken directly from literature sources [156,185], as shown in Table 45 along with the 
binary interaction parameters between MMA and propane, kMMA-propane, which will be described 
in detail later. 
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Table 45. PC-SAFT parameters for LMA, MMA, and propane and the binary interaction 
parameters between LMA and propane, kLMA-propane, obtained from the literature 
[156,185]. The binary interaction parameters between MMA and propane, kMMA-
propane, are obtained by fitting the LMA-MMAx phase behavior data obtained in this 
study. 
  m/Mw σ (Å) ε/k (K) ksegment-propane 
LMA 0.0268 3.8964 254.05 -0.09 
MMA 0.0262 3.6000 245.00 -0.12 
Propane 0.0454 3.6184 208.11 ---- 
 
The solution behavior of linear LMA-MMAx-propane mixtures is modeled with the copolymer 
PC-SAFT EoS, which accounts for the fraction of each segment type, ziα and ziβ, and the bonding 
fraction between segments, Biαiβ, in copolymer i [169]. No literature has reported the interaction 
parameter between MMA and propane, kMMA-propane and the interaction parameter between MMA 
and LMA segments. In this study, kMMA-propane is obtained by fitting LMA-MMAx-propane 
mixture data and kLMA-MMA is assumed to be zero, as is shown in Table 45. 
 
4.5.2. Results and Discussions 
Figure 42 shows a comparison of the cloud-point curves calculated with PC-SAFT EoS for the 
PLMA-propane system and the copolymer PC-SAFT EoS for the LMA-MMAx-propane systems. 
Not shown are the calculated curves for the PMMA-propane system since these curves are 
located at temperatures and pressures significantly higher than those on the axes of the graph.  
The PMMA-propane calculations confirm the experimental observation that PMMA with Mw of 
15,000 cannot be dissolved in propane at temperatures to 473 K and pressures to 200 MPa. The 
calculated cloud-point curves in Figure 42 are in good agreement with experimental results for 
the PLMA-propane, the LMA-MMA35 (Mw ~45,000), and the LMA-MMA50 (Mw ~30,000)-
propane mixtures. Larger deviations appear for LMA-MMA50 (Mw ~130,000)-propane calculated 
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curve, however even these calculations capture the trend exhibited by the experimental data. As 
mentioned previously, the interaction parameter between MMA and propane, kMMA-propane= -0.12, 
is optimized by fitting all of the LMA-MMAx-propane phase behavior data obtained in this 
study. If the value of kMMA-propane is set to zero, the mean absolute percent difference (MAPD) 
between calculated and experimental cloud-point data increases from 5.2 to 29.6% and if kMMA-
propane is set to -0.20, the MAPD increases to 18.1%. 
 
 
Figure 42. Comparison of cloud-point curves obtained in this study (symbols) with calculated 
curves (lines) using the PC-SAFT EoS for ~5wt% PLMA (Mw ~80,000) in propane 
(○) and using the copolymer PC-SAFT EoS for ~5 wt% LMA-MMA35 (Mw ~45,000) 
(◊), LMA-MMA50 (Mw ~30,000) (∆), and LMA-MMA50 (Mw ~130,000) (□) in 
propane.  
 
Figure 43 shows typical comparisons between experimental and calculated single-phase 
densities for the 4.8 wt% PLMA-propane and 4.2 wt% LMA-MMA50 (Mw ~30,000)-propane 
mixtures. The PC-SAFT equations tend to overestimate the density data within the range of 
investigated temperatures and pressures. MAPD values are 1.8% and 1.3% between experimental 
and calculated densities for PLMA-propane and LMA-MMA50 (Mw ~30,000)-propane mixtures, 
respectively.  
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(a)  (b) 
Figure 43. Comparison of single-phase density data obtained in this study (symbols) and 
calculated densities (lines) using (a) the PC-SAFT EoS for 4.8 wt% PLMA in 
propane and (b) the copolymer PC-SAFT EoS for 4.2 wt% LMA-MMA50 (Mw 
~30,000) in propane at ~ 375 K (○) and ~ 424 K (□). Dashed line represents the 
liquid-liquid phase boundary. 
 
4.6. Final Comments 
The solubility behavior is very different between the LMA-MMA50 star polymers and the 
respective "free" linear LMA-MMA50 copolymer arms in supercritical propane. The liquid-liquid 
phase transition pressure is shifted more than 50 MPa lower for the star polymer compared with 
the linear copolymer in propane, indicating the enhanced solubility of the star polymers due to its 
discrete branched structure. The enhanced solubility, relative to a random coil, makes the star 
polymer an attractive additive for a variety of industrial applications. It is also found that the 
LMA and MMA content in the backbone of these methacrylate copolymers has a significant 
effect on the temperatures and pressures needed to dissolve the copolymer in propane. Phase 
transition pressures increase with higher concentration of MMA repeating units in the copolymer 
backbone.  Further studies are recommended to ascertain the impact of LMA and MMA content 
in the copolymer arms on the phase behavior of the LMA-MMA star polymer. 
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Chapter 5 Conclusions and Future Work 
 
5.1. Conclusions 
High-pressure solution behavior, such as density and phase behavior, is a critical fundamental 
property for the design and optimization of various chemical processes, such as distillation and 
extraction, production and purification of oils, polymers, pharmaceuticals, and other natural 
materials. This PhD study extends the current density database for the low molecular weight 
hydrocarbons including long-chain n-alkanes, cyclic hydrocarbons, and aromatic hydrocarbons 
to temperatures of 523 K and pressures of 275 MPa. These compounds mimic those found in 
typical deep-well oil reservoirs. The density data agree with available literature data to within ± 
0.4%. The PR EoS, HTHP VT-cubic EoS, and PC-SAFT EoS are used to model the densities of 
the studied hydrocarbons. Generally, the PC-SAFT EoS and HTHP VT-cubic EoS give better 
predictions than the PR EoS, although the PC-SAFT EoS tends to overpredict the densities at 
extreme temperatures and pressures. Compared with the PR EoS and the HTHP VT-PR EoS, the 
PC-SAFT EoS provides more accurate calculated densities for the cyclic compounds. 
Nevertheless, even the PC-SAFT equation cannot fully account for the effect of isomer structure 
on the resultant density. For better predictions at extreme conditions and for extension of the PC-
SAFT database, new sets of PC-SAFT pure-component parameters are determined for the 
studied hydrocarbons by fitting this EoS to the density data obtained in this study with the 
MAPD within 0.4%. 
 
The experimental investigations in the PhD study are extended to polymer systems to determine 
polymer architectural effects on solution behavior at elevated temperatures and pressures. In 
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particular this study focused on the behavior of LMA-MMAx-propane mixtures compared to star 
polymer-propane mixtures where the star polymer contains LMA-MMA50 arms. The solubility 
behavior is very different between the LMA-MMA50 star polymers and the respective "free" 
linear LMA-MMA50 copolymer arms in supercritical propane. The liquid-liquid phase transition 
pressure is shifted more than 50 MPa lower for the star polymer compared with the linear 
copolymer of the same backbone composition in propane, indicating the enhanced solubility of 
the star polymers due to its discrete branched structure. The enhanced solubility in a poor quality 
solvent, relative to a random coil, makes the star polymer an attractive additive for a variety of 
industrial applications. It is also found that the LMA and MMA content in the backbone of these 
methacrylate copolymers has a significant effect on the temperatures and pressures needed to 
dissolve the copolymer in propane. Phase transition pressures increase with higher concentration 
of MMA repeating units in the copolymer backbone.   
 
5.2. Future Work 
Future work in the field of high-pressure solution behavior should include more extensive 
experimental studies and development of a more accurate thermodynamic model especially 
designed to account for compound structural differences. For low molecular weight 
hydrocarbons, experimental solution behavior studies should be performed on hydrocarbon 
isomers at extreme temperatures and pressures, which will not only give a clearer picture on the 
structural effect, but also provide a detailed database for the development of a more accurate 
EoS. Experimental solution behavior of compounds with Mw ~1000 should be also investigated 
to fill in the gap in the database between low molecular weight compounds and high molecular 
weight polymers. For the modeling studies, further work should be done to improve the 
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performance of the PC-SAFT EoS when using group contribution parameters to calculate fluid 
properties under extreme conditions, especially for isomers. 
 
For the LMA-MMA50 star polymers, further studies are recommended to ascertain the impact of 
LMA and MMA content in the copolymer arms on the phase behavior of the LMA-MMA star 
polymer. More detailed characterization techniques should be performed to further identify the 
detailed polymer structure and to provide more accurate molecular weight information of the star 
polymer, such as 13C NMR and MALDI-TOF mass spectrometry. Osmometry and light 
scattering experiments are also needed to determine the second virial coefficient and radius of 
gyration for the star polymers in a liquid solvent. For the modeling of multi-branched polymer 
systems, Kozlowska et al. [111] modified the PC-SAFT EoS to develop an equation that 
accounts for chain branching (bPCP-SAFT). However, bPCP-SAFT EoS is only applicable to 
polymers with branching tetramers and has only been reported for ternary system of 
hyperbranched polyglycerol, methanol, and low-weight-percent CO2, in which hydrogen bonding 
always exists [111-113]. Further, Stoychev et al. [186] reported that the value of binary 
interaction parameter, kij, is not a constant, but depends on degree of branching when using PC-
SAFT EoS. Schacht et al. [113] also concluded that structure effects are hard to capture with the 
same parameters in a SAFT-based equation. All these arguments indicate the limitations of PC-
SAFT and other SAFT-based EoS for predicting the thermodynamic properties of highly 
branched polymer systems. In fact, the basic parameters, m, σ, and ε/k, in SAFT-based equations 
are not originally designed to account for branching effects. Therefore, a more robust equation is 
needed for branched polymers. A promising model is lattice cluster theory (LCT) for 
compressible fluids, which calculates the structure-dependent statistical partition function 
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explicitly depending on the structure of the investigated polymer [187]. Recently, Langenbach et 
al. [188] proposed a simplified lattice cluster theory (LCT) EoS that performs well for phase 
behavior predictions of hyperbranched polyester-propane system with a high weight fraction of 
the polymer. Future work should focus on the modeling of the solution behavior of star polymer-
propane systems with the LCT EoS, especially the predictive capability of LCT EoS for 
capturing star architectures.  
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